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Lay Summary of thesis 
 
Zinc is essential for plant growth as it acts as a component of a larger number of 
enzymes. However, high concentrations of zinc in soil are also toxic to plants, 
although the toxicity depends somewhat on the chemical form in which it exists in 
the soil environment. Traditionally, soil contamination by zinc has been linked to 
mining activities but modern advances in nanotechnology has led to concerns that 
nanoparticulate industrial forms such as ZnS and ZnO may constitute another 
important source of soil contamination, prompting calls for understanding how these 
might affect plant health. This thesis investigated whether the form (speciation) to 
which plants are exposed affects zinc uptake by plants as well as plant health and the 
efficiency of metal remediation by the plant. Pot experiments using Brassica juncea 
(L) Czern, which is known to accumulate large concentrations of zinc (hence known 
as a hyperaccumulator) were conducted to assess the effect on plant growth in soil 
with elevated Zn concentrations in the form of soluble Zn or as ZnS and ZnO 
nanoparticles. Additional experiments investigated the role of soil bacteria on both 
plant health and zinc accumulation in plant tissues. Measures of plant health included 
plant height, number of leaves, root biomass, shoot biomass as well as chlorophyll 
content. Spectroscopic techniques using high energy x-rays were combined with 
microscopic imaging to determine the form and distribution of in root tissues at the 
end of each growth experiment. Measurements of plant height, number of leaves, 
root length, plant biomass and leaf chlorophyll content of Brassica juncea grown in 
600 mg Zn kg-1 of ZnSO4, ZnS and ZnO nanoparticles showed that ZnSO4 was the most 
toxic to plants compared to ZnS and ZnO nanoparticles treatments. Soil bacteria 
promoted plant growth, biomass and zinc accumulation in plant roots and shoots. 
Spectroscopic analysis showed that the observed reduction in toxicity in the presence 
of bacteria was due to a change in the form in which zinc occurred in plant tissues, 
with zinc being bonded to sulfur-bearing proteins synthesised by the bacteria. This 
change occurred regardless of the initial form in which zinc was added to soil, 
suggesting a universal mechanism by which bacteria help to detoxify metals to plants. 
By also assessing Zn speciation changes across the soil-rhizosphere-plant interface, 
this study established that bacteria modified Zn speciation at the rhizosphere. The 
entire study emphasises on the role of metal speciation as a major determining factor 
in understanding plant tolerance and has implications for potential application of 















Excessive metal deposition in soil is of major concern to the environment due to the 
toxicity of metals to animals and plants. Since metals do not degrade, reducing risk 
of exposure relies in either removing the metals from soil, or changing their 
speciation which leads to changes in bioavailability, mobility and toxicity. Plants have 
been shown to provide a cheap alternative to chemical methods for both removing 
and changing metal speciation, particularly when augmented with plant growth 
promoting bacteria. The focus of this thesis was to investigate whether the form 
(speciation) in which a metal contaminant is introduced to soil affects both plant 
health and the efficiency of metal remediation by the plant, using the well-known 
hyperaccumulator Brassica juncea (L.) Czern and zinc (Zn) as the metal contaminant. 
This study also examined the role of plant growth promoting bacteria in changing 
metal speciation, impact on metal toxicity and phytoremediation efficiency. Brassica 
juncea was grown in pots containing soil spiked with equal amounts (600 mg Zn kg-1) 
of soluble Zn (ZnSO4) and nanoparticulate ZnS and ZnO. Plant height, number of 
leaves, root length, plant biomass and chlorophyll content of Brassica juncea were 
used to assess Zn toxicity. Zn localisation and speciation in soil and plant tissues was 
studied using transmission electron microscopy (TEM), synchrotron micro-X-ray 
fluorescence elemental mapping (µXRF) and synchrotron X-ray absorption 
spectroscopy (XAS).  Growth parameters showed that ZnSO4 was the most toxic form 
of Zn whilst ZnS and ZnO effects were not statistically different. These differences 
were linked to differences in Zn content in root and shoot biomass, which was higher 
in ZnSO4 treatments. Inoculation with Rhizobium leguminosarum and Pseudomonas 
brassicacearum enhanced plant growth, Zn concentration in plant biomass and 
translocation of Zn in all Zn treatments. XAS analysis showed that Zn speciation was 
altered in roots of plants inoculated with bacteria, with Zn cysteine as the most 
dominant form of Zn in all inoculated Zn treatments, suggesting a role for cysteine in 
ameliorating Zn toxicity. By also assessing Zn speciation changes across the soil-
rhizosphere-plant interface, this study established that Rhizobium leguminosarum 





is a major factor in determining the efficiency of metal phytoremediation and plant 
tolerance. Hence, this research provides useful information on Zn speciation which 
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1 Project rationale 
 
Increased metal concentrations in soils negatively influence plant health (Long et 
al., 2002; Duquene et al., 2009). Zinc, as an essential element influences several 
metabolic processes of plants and occurs naturally in soil (Davies and Jones, 1988). 
Soils may become contaminated by the accumulation of zinc through usage of Zn 
nanomaterials (Tourinho et al., 2012), emissions from rapidly expanding industrial 
activities, mining and smelting, land application of fertilizers, sewage sludge, 
pesticides, and atmospheric deposition (Singh et al., 2014). Zinc, as a typical metal is 
non-degradable and its total concentration in soils persists for a long time after 
introduction (Koopmans et al., 2008; Pajuelo et al., 2011; Singh et al., 2014). Thus, 
there is a need to implement appropriate remedial measures for Zn contaminated 
environments. Conventional remediation methods such as electrochemical removal, 
pump and treat, amongst others (Khan et al., 2004; Sharma et al., 2016) are 
prohibitively expensive and damaging to the soil structure and environment (Batty 
and Anslow, 2008; Bokhari et al., 2016). An alternative that incorporates the use of 
plant and microbes have been recently proposed to have potential for extracting or 
removing toxic metals from soil (Johnson and Singhal, 2011). Phytoextraction is a 
type of phytoremediation that is increasingly being used as an environmentally 
sustainable remediation technique which involves the use of plants to extract toxic 
metals from soil (Reichman, 2007). However, most plants suffer from toxicity of the 
metals being treated, and apart from specific species adapted to hyperaccumulate 
certain metals, their efficiency for metal removal is critically dependent on growth 
rate (Khan, 2005). Brassica juncea (L) Czen is a hyperaccumulator in which Zn 
accumulation occurs in shoots (Adediran et al., 2015). In the rhizosphere 
surrounding the plant roots, complex interactions occur between the root and the 
soil which influence Zn availability and hyperaccumulation (McGrath et al., 1997; 
Zhoa et al., 2012). Phytoextraction of Zn contaminated soil has been widely studied 




uptake, translocation and hyperaccumulation in Brassica species through the 
addition of either chelating agents (Ebbs and Kochian, 1998; Turan and Esringui, 
2007) or plant growth promoting bacteria (PGPB) (e.g. Adediran et al., 2015; 2016; 
Ma et al., 2014). Several studies have shown the positive influence of metal-
resistant PGPB on metal phytoextraction and in protecting plants from metal 
toxicity (Smical et al., 2008; Adediran et al., 2015). The mechanism by which this 
influence occurs might include secretion of ligands such as siderophores, indole 
acetic acid, and ACC deaminase or by mutualistic associations with bacteria (Ahmed 
and Kibret, 2014). Although the mechanisms involved are not clear, bacteria can 
also affect metal speciation through changes in valence state of the metal and by 
decreasing or increasing mineral solubility. The extent of assimilation of metals from 
soil depends on whether the metals are in a form that can be absorbed by plants 
(Maladrino et al., 2011).  
To date, most studies regarding Zn (and other metallic contaminants) 
phytoremediation have focussed on soluble forms of the metal. However, some of 
these metals are increasingly finding their way into the environment in the form of 
engineered nanoparticles. Nanoparticles (NPs) are materials with at least a 
dimension between 1 and 100 nm (ASTM, 2012). As a novel and emerging class of 
products, there has been great concern about the potential for NPs uptake and 
translocation by plants (Zhang et al., 2015). Studies reviewed by Gardea-Toresdey et 
al. (2014) indicated that metal NPs (i) translocate to plant shoots and accumulate in 
the fruits/grains of agricultural crops, (ii) increase concentrations of the component 
metal in plant tissues, (iii) induce physiological, biochemical, and genetic 
modifications that may have detrimental or beneficial effects on the agronomic 
traits, yield, and productivity of plants, and (iv) induce modifications in the 
nutritional value of food crops. However, these studies have not conducted 
systematic comparisons of nanomaterials with soluble metals. There also appears to 






Knowledge of the speciation of metals, including in NPs is critical to achieve better 
understanding of the environmental impact of metals as speciation influences the 
bioavailability, mobility and toxicity of metals in plants (Shahid et al., 2012). 
 
1.1 Research gaps and project aims 
 
From the literature survey (see Chapter 2), the following research gaps have been 
identified that require further investigation.  
(i) With the exception of those that look at the field environment, most pot 
experiments use soluble salts of heavy metals as a source of 
contamination. However, in most naturally and anthropogenically 
contaminated soils (e.g. mining-related pollution), contamination is likely 
to be in the form of minerals which must be dissolved before the metal 
can be taken up by plants. A fundamental question therefore is what 
mechanisms might lead to metal bioavailability to plants from solid 
matrices. These might include secretion of exudates such as amino acids, 
organic acid or mutualistic associations with bacteria. 
(ii) Increasing use of NPs introduces an additional dimension to the form in 
which metal contamination occurs in soils. Because of their size, the 
potential exists that plants will assimilate nanoparticle- based metals 
both in solid form and in soluble form but only a limited number of 
studies have investigated this problem. In particular, nanoparticles 
potentially represent a transition between soluble and mineral-based 
metal bioavailability. 
The primary aim of this research was to test whether the metal contaminant form 
(speciation) to which plants are exposed affects both (a) plant health and (b) the 
efficiency of metal remediation by the plant. A secondary aim was to test whether 
inoculation with bacteria (a) changes metal speciation and (b) whether these 




1.2 Research Hypotheses 
 
The general hypotheses tested in this research are below: 
1. Plant growth and phytoextraction abilities will differ in respect to the 
speciation of zinc they are exposed to in soil. 
 
2. Zn uptake, accumulation and distribution in Brassica juncea will be 
dependent on the forms in which Zn was exposed in soil. 
 
3. Rhizobium leguminosarum and Pseudomonas brassicacearum will promote 
the growth of Brassica juncea under different Zn contamination compared 
to uninoculated controls based on their ability to confer multiple plant 
growth promoting abilities and ameliorate Zn toxicity in plants. 
 
4. There will be differences in Zn speciation in inoculated and uninoculated 
Brassica juncea roots exposed to different Zn species in soil in order to 
promote phytoextraction. 
 
5. There will be Zn speciation changes across the soil-rhizosphere-plant 
interface and Rhizobium leguminosarum (bv) trifolii will modify speciation 










1.3 Outline of the thesis 
 
This thesis consists of eight chapters. 
Chapter 1 provides a general introduction to the research topic and knowledge 
gaps, identifies the research aims and objectives, and outlines the thesis structure. 
Chapter 2 comprises a literature review of the research conducted on metal 
speciation, nanoparticles, and phytoextraction and plant growth promoting 
bacteria. An overview of the research methods and design and their justification, 
including materials, equipment and experimental techniques, is provided in Chapter 
3.  
Chapters 4, 5, 6 and 7 represent the results and discussion of the experiments 
conducted to answer the research questions. Each of these chapters is presented in 
the format of a draft manuscript paper, comprising a brief introduction to the 
specific study, specific aims, materials and methods, presentation of results, 
discussion and conclusions. 
Chapter 4 reports on a preliminary short study that investigated the Zn resistance 
patterns of selected PGPB to soluble Zn and Zn nanoparticle exposure. In this 
chapter, phytotoxicity differences due to soluble Zn and metal nanoparticles on 
germination and early seedling growth of Brassica juncea are also presented. The 
results of this chapter informed the choice of experimental materials and design in 
the plant growth experiments reported in Chapters 5 to 7. Chapter 5 examines the 
effect of different Zn forms on plant growth characteristics, uptake, translocation 
and accumulation in shoots of Brassica juncea (L.) Czern grown in Zn contaminated 
soil without the addition of PGPB. Chapter 6 examines the role of plant growth 
promoting bacteria on plant growth and its effect on the mechanisms of uptake, 
translocation and hyperaccumulation of different Zn forms in Brassica juncea (L.) 
Czern. Chapter 7 focuses on the differences and changes in Zn speciation between 
bulk soil, the root-plant interface in the rhizosphere and plant tissue following 
growth of Brassica juncea (L.) Czern in Zn contaminated soil with and without plant 




of the key research findings in the form of a conceptual framework, 
recommendations for future work. 
 
1.4 Significance of the study 
 
The research reported in this thesis has potential wider significance in a number of 
ways: 
 Remediation of metal contaminated sites is a complex problem. However, 
gaining a better understanding of the role of metal speciation in 
contamination scenario will minimise remediation costs, provide vital 
information on the potential hazard (mobility and toxicity) and allow 
identification of acceptable solutions to metal contamination. 
 Results from this research project will provide a data-base to the industry, 
academia, and general public on phytoremediation technology and allow 
identification of techniques to investigate in more applied settings. 
 It will contribute to the on-going evidence based on the potential risk that 









Soil is the unconsolidated layer of the Earth’s crust, composed of mineral particles 
derived from underlying geological materials, organic matter, organisms, air and 
water (Kabata-pendias et al., 2004; Certini and Ugolini, 2013). Soil provides essential 
ecosystem services, including nutrient cycling, carbon storage, water regulation, 
and food and fibre production (Kabata-pendias et al., 2004; White, 2013). Over 
several years of industrialization, soil contamination has become increasingly 
common in world with persisted toxic compounds, heavy metals, nanoparticles, 
radioactive materials, chemicals, salts build –up in soils (Khan et al., 2008; Guo et 
al., 2014). Contamination can seriously affect soil’s ability to perform some of its 
key functions in the ecosystem. Thus the presence of substances that are available 
to cause significant harm to organisms needs to be considered (Semple et al., 2004).  
This chapter reviews relevant academic research publications that would be helpful 
in understanding   the subject under investigation and provides key definitions in 
understanding the entire thesis. This review is focused on heavy metal and 
nanoparticles soil contamination. Specifically, it addresses pertinent topics on 
contaminant environmental fate, speciation (bioavailability, mobility and toxicity) in 
the soil, including their effects in plants. The subsequent section specifically 
addresses the remediation of soil contaminated environments and the roles of plant 








2.2 Heavy metals  
 
Metals account for about two thirds of all the elements and about 24% of the mass 
of the Earth. Most metals on Earth occur either in their pure state or in combination 
with other elements (e.g. as oxides, sulphides, carbonates and silicates). Heavy 
metals are a subset of the elements that are characterised by their metallic 
properties (such as; ductility, malleability, conductivity and high density). Heavy 
metals have been defined based on a number of factors, including chemical 
properties, toxicity, density, atomic weight or atomic number (Duffus, 2002). 
Examples of heavy metals are aluminium, antimony, arsenic, barium, cadmium, 
cobalt, chromium, copper, iron, nickel, lead, manganese, molybdenum, selenium, 
zinc, titanium, vanadium amongst others. Some metals such as Hg, Cd, As, Se and 
Pb are not important or essential as they do not perform any physiological functions 
in plants while Zn, Ni, Mo, Mn, Fe, Cu and Co have known physiological importance 
as they are required for plant metabolism and growth (Gaur and Adholeya, 2004).  
2.2.1 Metal contamination in soil and water 
 
Soil (terrestrial ecosystem) and sediments (aquatic ecosystem) are the major sinks 
for heavy metal contaminants arising from natural and anthropogenic sources. Due 
to long history of industry, approximately three million sites are estimated to have 
been contaminated in Europe (Nicholson et al., 2003; European Commission, 2013; 
Environmental Agency, 2004; SEPA, 2006). The presence of soil and water 
contamination in other parts of the world has also been established (USEPA, 2001; 
Li et al., 2006).  
Heavy metals such as Zn are released into the environment from both natural and 
anthropogenic processes. Zinc is naturally present in atmospheric emissions from 
volcanoes, the weathering of rocks, mineral dusts, and forest fires (Oves et al., 
2012; Alloway, 1995). Industrialization and urbanization have amplified the 
anthropogenic sources of Zn to the environment through the exploitation of mines 




intensive agricultural practices and pesticides, military operations, paints, gas 
works, battery manufacturers and electronics (Alloway, 1995; Vangronsveld and 
Cunningham, 1998; Gadd, 2010). Each source of contamination has its own 
detrimental effects to the entire ecosystem as most metals do not undergo 
microbial or chemical degradation. Instead, they are being transformed from one 
oxidation state to another (Lone et al., 2008) so that total metal concentration in 
soil persists for a long time after metal release in the environment. The mean 
natural concentration of zinc in the Earth’s crust is 70 mg kg-1 (dry weight), the total 
Zn concentration in soil ranges from 10 to 300 mg kg-1 with an average of 55 mg kg -
1 (Alloway, 2008). Zn has been identified as a metal that poses a potential threat to 
the entire ecosystem (Gadd, 2010). Consequently, some countries (e.g. United 
Kingdom) have set out guidelines to regulate heavy metal concentrations in soil 
amendments including Zn and have defined the maximum allowable heavy metals 
















Table 2.1. Maximum concentration of heavy metals in sludge amended soils and 
maximum annual rates of addition by the UK sludge (use in Agriculture) 
Regulations (UK statutory Instrument, 1989; DoE, 1996). 







over 10 yr 
(Kg ha-1 yr-1) 
 pH 5.0<5.5 pH 5.5<6.0 pH 6.0-7.0 pH >7.0  
Zn 200 250 (200) † 300 (200) † 450 (300) † 15.0 
Cu 80 100 135 200 7.5 
Ni 50 60 75 110 3.0 
 pH 5.0 and above  
Cd 3 0.15 
Pb 300 15.0 
Hg 1 0.1 
Cr 400 15.0 
As 50 0.7 











2.3 Metal bioavailability 
 
The term bioavailability has several meanings across different disciplines. With 
respect to contaminated soil, bioavailability can be defined as the maximum 
amount or the total quantity of an element present in a specific partition of the 
environment, that is either available or more available for uptake and accumulation 
by an organism within a given time span (Peijnenburg and Jager, 2003; Peijnenburg 
et al., 2007). The bioaccessible fraction is the fraction of metal that is in contact 
with the organism surface and is available for absorption or adsorption by the 
organism. Both terms bioaccessibility and bioavailability are complex factors that 
regulate whether or not an adverse effect will occur when plants are exposed to 
contaminants (Peijnenburg and Jager, 2003). The concept of bioavailability is 
complex since it is soil, species, and chemical specific and dynamic due to ongoing 
processes of bioaccumulation, distribution, metabolism and elimination (Ianni et al., 
2010). Although, some assessments have assumed that metals are totally 
bioavailable or bioaccessible from soil, only a small fraction of metal is bioavailable 
(Violante et al., 2010). Several studies have reported that the relative bioavailability 
of metals to organisms tends to decrease with time, following addition of metals to 
soil (Gigliotti et al., 1996; Zheljazkov et al., 2004; Petruzzelli et al., 2012). Metals in 
soil are partitioned in five geochemical forms: exchangeable, bound to organic 
matter, bound to carbonate phase, bound to manganese oxides and residual metal 
(Oves et al., 2012). Metals bound to organic matter or adsorbed to solids are no 
longer free and thus less bioavailable. Metals found in different fractions or forms 
vary in mobility and bioavailability, which is strongly influenced by the chemical 
speciation (Violante et al., 2010). The mobility, bioavailability and toxicity of a metal 
in soil depends on its concentration in soil solution, its reaction with other soluble 
species and soil ability to release metal from the solid phase (Krishnamurti et al., 
2007; Violante et al., 2010). The availability of Zn in soil is controlled by the factors 
that affect the amount of Zn in soil solution. These soil properties include total zinc 
content, soil pH, cation exchange capacity, exchangeable cation, organic matter 




2012). The soil processes affecting Zn availability include adsorption, desorption, 
precipitation, dissolution, complexation, amongst others (Ma and Uren, 2006; Kim 
et al., 2015) and are described in detail in the next section. 
 
2.3.1 Soil properties and processes affecting metal bioavailability in soil 
 
Soil pH 
Soil pH is defined as the negative logarithm of the hydrogen ion concentration 
(Alamgir, 2016). Soil pH is a vital factor that influences contaminants and biological 
processes in soil. The biological processes governed by pH are solubility, 
precipitation and dissolution, sorption, desorption and microbial activities (McLean 
and Bledsoe, 1992).  A low pH tends to lead to a decrease in sorption and an 
increase in bioavailability and mobility of most metals (Rieuwert, 2007). Zn 
bioavailability is strongly affected by soil pH (Turner, 1994; McGrath et al., 1988). In 
Zn contaminated soils as pH decreases, the solubility and extraction of Zn from soil 
increases (Parker et al., 1990; Saeed and Fox, 1997; Adriano, 2001). Twining et al. 
(2004) reported that between pH 4.4 and 7.3 the distribution coefficient (Kd) for Zn 
increased from 40 to 3000 mL / g in laterite soil in Australia. Zn, Cd and Ni were 
mobilised under low pH in soils from a mining area in Togo (Gnandi and Tobschall, 
2002). Conversely, at high soil pH, Zn is more strongly absorbed on to the surface of 
silicate clays and oxides and hence the availability of Zn to plants is reduced 
(Lindsay, 1978; 1981; Jeffery and Uren, 1983). In calcareous and alkaline soils, 
precipitation of ZnCO3, calcium zincate compounds or Zn(OH)2 may reduce Zn 








Cation exchange capacity 
The cation exchange capacity (CEC) of a soil is the capacity to hold cations on 
(positively charged ions such as Mg2+, Ca 2+, Na+, K+, H+, Al3+, Mn2+, Zn2+) on 
negatively charged sites (Pulford, 2007). CEC are vital to soil because of their fixed 
or permanently charged sites which are not affected by changes in soil pH and as 
such cations held by soils are replaced by other cations (McLean and Bledsoe, 1992) 
this implies that they are exchangeable. The CEC of solids is dependent on their 
mineralogy and organic matter content (Bell, 1993). Both clay particles and organic 
matter particles are negatively charged constituents of soil which may also contain 
pH dependent charged surface. The higher the soil organic matter and clay content, 
the higher the CEC. Soils with negative charge have high cation exchange capacity 
and low cation mobility (NFESC, 2000). The higher the cation exchange capacity of 
soil, the greater the sorption and immobilization of the metals.  
 
Organic matter content 
Soil organic matter is made up of living organisms, soluble biochemical (organic 
acid, polysaccharides, amino acids, proteins amongst others), and humic matter 
(Covelo et al., 2008). The origin of soil organic matter greatly influences its 
physicochemical properties (solubility, surface charge sorption). Organic matter has 
a high specific area (800 – 900 m2/g) and a CEC that ranges from 150 to 300 cmol / 
kg (Sparks, 2003) and is thus considered to be an important adsorbent of heavy 
metals. As the amount of organic matter in soil increases, the tendency for forming 
stable metal- organic matter complexes increases (Reichman, 2002). Zinc forms 
stable complexes with organic ligands such as insoluble organic colloids (humin) and 
dissolved organic carbon (fluvic, humic, amino and carboxylic acids) (Cavallaro and 
McBride, 1984).  Plants are unable to absorb the large metal– organic complexes, 






complexed with organic matter (Jones, 1998) thus improving plant growth and Zn 
tolerance.  
Clay and hydrous oxides 
Clay minerals are products of rock weathering (Nesbitt, 1992), have diameter less 
than 2 µm (Yu et al., 2015) and are important soil constituents. Clay minerals 
possess a high surface charge density as a combination of their small size and high 
surface charge resulting in an active surface for cation adsorption (Alloway, 1995; 
Pulford, 2007). Clays and hydrous oxides (of Al, Fe, and Mn) act as natural absorbing 
agents of contaminants by taking up anions and cations by adsorption and / or ion 
exchange, thereby limiting their availability in soil solution (Jain and Ram, 1997; 
Bhattacharyya and Gupta, 2008). Increasing clay and hydrous oxide content in soils 
provides more sites for adsorption of metals thus reducing metal bioavailability 
(Qiao and Ho, 1996; Reichman, 2002). 
 
Redox conditions 
Redox is a measure of electron availability as electrons are transferred between 
oxidized and reduced species (Gambrell et al., 1991; Rieuwets et al., 2003). The 
redox conditions of a soil are affected by a number of factors, including compaction, 
waterlogging and organic matter content. Soils rich in organic matter and prone to 
waterlogging have low redox potentials while high redox potential occurs in dry, 
well aerated soil (Evans, 1989). Redox reactions in soil are controlled by metal 
species in the soil solution and solubility of metals in solution (Reichman, 2002). 
Some studies reported that Zn availability increases in poorly drained, waterlogged 
soil (Ng and Bloomfield, 1962; Chuan et al., 1996) whilst other authors concluded 
that waterlogged soil and low redox conditions do not increase metal solubility 
(Xiong and Lu, 1993; Bjerre and Shierup, 1985) due to the formation of metal 






Aging of metals in soil 
Another factor affecting metal bioavailability is chemical aging in soil (Alexander, 
2000). Metal aging in soil is the movement of metal from the surface of soil particles 
into less accessible sites with time (Reid et al., 2000). The bioavailability of metals 
can decrease with time as metals in soil undergo processes that inhibit their 
desorption from the soil solid phase to soil pore water (Gaw, 2009), such as binding 
with Fe and Al oxides and minerals of low reactivity (Ma and Uren, 2006).  As metals 
age in soil their bioavailability decreases (Pignatello and Xing, 1996; Turkall et al., 
2010). 
Adsorption and desorption 
Adsorption is the accumulation of substances or material at the interface between 
the solid phase and solution (Sparks, 2003). Adsorption occurs when dissolved 
metals are attached to surfaces of soil particulate matter (clay, organic matter, iron, 
manganese and aluminium oxide minerals) (Kabata-Pendias and Pendias, 1984; 
Elder, 1989). The absorbing surface is said to be the “absorbent” (solid particles) 
and the material adsorbed at the surface is called the adsorbate (Spark, 2003). 
Often the generic term sorption is used to encompass all phenomena, including 
precipitation and adsorption, at the solid –solution boundary. Sorption and 
desorption reactions are important controls on metal bioavailability in soil. Sorption 
by soil is a multistep process involving an initial rapid sorption followed by slow 
sorption, probably by diffusion into pores of inner soil surfaces, due to the presence 
of surface sites of different reactivity and site preference (Violante et al., 2008). 
Factors affecting trace metal sorption include pH, and the content of humic 
substances, phyllosilicates and variable-charge minerals (hydroxides and 
oxyhydroxides of Al, Fe, Mn, and aluminosilicates) which differ greatly in their 
sorption capacity, binding energies of their sorption sites and in their cation and 
anion exchange capacities (Bourg, 1988; Sparks, 2003; Violante et al., 2005).  pH is 





speciation of metal in soil and soil solution (Harter, 1983). At low soil pH values, 
adsorption site becomes positively charged due to adsorption of protons. As pH 
increases, these sites become neutral and eventually negatively charged. The 
negatively charged adsorption sites are compensated by equivalent amounts of 
positive charges. Elliot et al. (1986) reported that soil adsorption of heavy metals 
varied directly with soil pH, with metal ions likely to exist in soil solution at low pH 
(Zeng et al., 2011). 
 
The processes of Zn adsorption in soil have been reviewed (Pickering, 1980; Shuma, 
1980). Soil pH and contents of clay minerals, hydrous oxides and organic matter are 
the most important factors affecting Zn adsorption in soil (Abd-Elfattah and Wada, 
1981; Barrow, 1993; Barrow and Whelan, 1998). 
 
Desorption is the reverse of adsorption, involving the electrostatic release of 
hydrogen bonded or electrostatically attracted soluble organic or inorganic cations 
from negative sites on soil colloids into the bulk solution (Brady and Weil, 2002; 
Bradl et al., 2005). Desorption process is expected to occur at a much slower rate 
compared to adsorption (Violante et al., 2008). 
 
Metal particle size and resulting total surface area can influence bioavailability 
(Deletic and Orr, 2005) with bioavailability increasing as particle size particle 
decreases (Rieuwert, 1998). Small particles with large surface area tend to bind 
more contaminants than large particles (Xu et al., 2014). The concentration of metal 
in soil increases as particles decreases (Chaney et al., 1989; Xu et al., 2014). 
 
Dissolution and precipitation. 
Dissolution and precipitation are chemical processes that determine the availability 
of inorganic mineral components of soil as dissolved metals are more mobile and 





Precipitation occurs when the solubility product constant for a reaction between a 
metal ion and ligand in the system is exceeded (Peijnenburgh and Jager, 2003). 
Metal are immobilized as precipitates in the presence of anions such as sulphate, 
phosphate, carbonate when the soil pH and metal concentration are high (Adriano, 
2001). Compared to sorption and desorption, precipitation of metal is a slow 
process and is less likely to occur due to low metal concentration (Sparks, 2003). 
Brummer et al. (1983) reported that very high concentration of Zn can be adsorbed 
in soil before precipitation occurs.  Metals may also be precipitated as metal oxides 
and hydroxides (Rieuwert at al., 1998) which are the most common forms of metal 
precipitates. Precipitation as sulphides also occurs and is an effective process for 
precipitation of highly toxic heavy metal (Park et al., 2010). 
 
Dissolution, the reverse of precipitation, involves the separation of solids into 
individual soluble components (Bradl et al., 2005). The extent to which metal 
species occur in a particular soil and their solubility determines their relative 
bioavailability (Rieuwert et al., 1998). Dissolution and Precipitation processes are 
dependent on pH and metal ion present in solution (Rieuwert at al., 1998). 
Complexation 
Metal complexation involves a centrally located metal ion in solution being attached 
to one or more inorganic or organic ligands (Rieuwert, 1998). Complexation may 
occur as chelation where the complex forming ligands form two or more 
coordination bonds with the metal ion (Lindsay, 1979). These ligands can form  
 
soluble complexes with trace metals, thus preventing them from being sorbed onto 
solid surfaces and increasing their availability. For example, soluble Zn complexes 
are formed by removing free Zn from solution thus increasing Zn dissolution at the 
solid –phase (Essington, 2004). Natural complexing ligands include citric acid, oxalic 
acid and fulvic and humic acid fractions (Violante et al., 2010) and synthetic 




ethylenediaminedisuccinic acid (EDDS) and diethylenetriamine pentaacetic acid 
(DTPA) (Kolodynska, 2013). 
 
Chemical speciation 
Metals occur in the soil environment in both the aqueous phase and solid phase. In 
solution, metals exist as complexes associated with organic and inorganic ligands or 
as the free ion (Rieuwerts et al., 1998; Violante et al., 2010). In the solid phase, 
metal ions can be either retained on organic and inorganic soil components (ion 
exchange or surface complexation) or can exist as minerals or co-precipitated with 
other metals in soil (Violante et al., 2008). Since the form in which a metal occurs 
influences its bioavailability, the speciation of Zn is described in detail below. 
 
(i) Zinc  
Zinc is a metallic chemical element (with atomic symbol Zn), has an atomic number 
30 and is found in five isotopic forms: 64 Zn, 66Zn, 67Zn, 68 Zn and 70Zn. Zinc exists in 
the environment as Zn2+ with an electron configuration of [Ar] 4s2 3d10 making it a 
member of group 12 of the periodic table. Because the d-subshell is full of electrons 
it does not function as a transition metal. The localised d- electrons of Zn play a 
significant role in controlling its chemical and physical properties (such as the 
melting points) (Da Silva and Williams, 1991; Nasch et al., 1999). Zinc occurs in the 
environment in the +1 and +2 oxidation state (Lindsay, 1979; Brady et al., 1983), 
with Zn2+ predominantly involved in biological or chemical reactions. Zinc in soil 
solution may occur as Zn2+ in association with a range of organic or inorganic  
 
components and minerals, (Fotovat and Naidu, 1998; Brady and Weil, 2002; 
Essington, 2004). Zinc is partitioned into different chemical pools in soil (inorder of 
decreasing availability of plant uptake): in soil solution, on exchange sites of 
reactive soil components, precipitated and occluded with oxides, oxyhydroxides, 
carbonate and phosphate, in complexes with organic matter, and finally in primary 





(ii)Chemical forms of Zn in soil  
Zn occurs in the mineral component of soils including as: sulphides (sphalerite, 
wurtzite); sulphate (zincosite, goslarite); oxides (zincite, franklinite, gahnite); 
carbonates (smithsonite, hydrozincite); silicates (willemite, hemimorphite); and 
phosphates (hopeite) (Barak and Helmeke, 1993; Alloway and Ayres, 1997). 
Aqueous Zn is present both in acidic to highly basic soil solutions in various 
hydrolysed forms such as Zn (H2O)62+, Zn (OH)(H2O)5 +, Zn(OH)(H2O)4 0, 
Zn(OH)3(H2O)3-, Zn(OH)4(H2O)2 2- (Barak and Helmeke, 1993). Zinc may form 
complexes with ligands of humic substances such as fulvic acid, humic acid and 
dissolved organic (humic) carbon. Although Zn forms complexes with organic acids 
potentially found in soils (citric, malic and oxalic, amongst others), these ligands are 
rarely analysed in soil solution (Barak and Helmeke, 1993).  
 
2.4 Determination of metal speciation 
The speciation of metal can be determined by different techniques, which are 
discussed below. 
 
2.4.1 Sequential extraction 
Sequential extraction is an approach for the fractionation of trace metal content in 
soils and sediments, providing information on the various forms of the chemical 
element (Mossop and Davidson, 2003; Sepahvand and Forghani, 2012). The  
 
quantification of chemical forms is based on the use of chemical reagents selected 
to react with components of the matrix and the release of associated trace metals 
(Mossop and Davidson, 2003). Several sequential extraction methods have been 
proposed for defining individual fractions of a given elements. For example, the first 
sequential extraction procedure was described by McLaren and Crawford (McLaren 
and Crawford, 1973) and modified by Tessier et al. (1979) who developed a five 
stage extraction (exchangeable, carbonate, Fe, Mn and Al oxide, organic and 




sediments. Sposito et al. (1982) proposed a four stage sequential extraction scheme 
on the fractionation of Pb, Cd, Zn, Cu and Ni in soils amended with sewage sludge. 
Standards, measurement and testing (SMT) formerly known as community bureau 
of reference (BCR) proposed a three stage sequential extraction scheme (acid 
soluble, reducible and oxidizable fractions) which is internationally accepted (Rauret 
et al., 1999; Fuentes et al., 2004; Tlustos et al., 2005; Cheng et al., 2011; Ashraf et 
al., 2012; He et al., 2013). This method has been applied to investigate the 
distribution and speciation of metals in different environmental media such as soil 
(Mossop and Davidson, 2003; Fernadez et al., 2004; Nemati et al., 2011), waste 
material (Bruder-Hubscher et al., 2002) and sediment (Stephens et al., 2001; Yuan 
et al., 2004; Cuong and Obbard, 2006). Wang et al. (2010) investigated the 
distribution and speciation of Cu, Cd, Pb, Mn and Fe in sediments and reported that 
39% - 61% of Cd was found in exchangeable fraction, indicating that Cd in the 
sediment posed a high risk. Although sequential extraction has been effectively 
used, some researchers report difficulty with this technique due to lack of fraction 
selectivity, redistribution of analytes between phases (Pueyo et al., 2001) and 
operational problems (Martins et al., 1987). 
2.4.2  Transmission electron microscopy (TEM) 
Transmission electron microscopy is a microscopy technique that uses energetic 
electrons to provide compositional, morphological information on both organic and 
inorganic material (Smith et al., 2012) at the nanometre scale (Howe, 2012). TEM 
coupled with EDS (energy dispersive spectroscopy), provides information on the 
size, morphology, crystallinity and elemental composition of single particles as well 
as their physical and spatial association (Webb et al., 2000). TEM-EDS has been used 
to assess chemical speciation in lake sediments, mineral association in aquifer water 
and other geochemistry studies (Webb et al., 2000). The limitation of this method is 
that samples have to be studied in their wet state to ensure structural preservation 





2.4.3 X-ray absorption spectroscopy (XAS) 
X –ray absorption spectroscopy is a method for analysing the chemical environment 
of an element in an unknown material (Kawai, 2000). Recently, XAS has been 
applied to investigate metal coordination and interactions within biosystems such 
as soil and plants (Gardea-Torresdey et al., 2005), providing detailed information on 
their atomic geometry, the coordination environment of metals absorbed by plants, 
and bioreduction of metals linked to phytoremediation (Saraswat and Rai, 2011). 
Synchrotron – based methods such as XANES (x-ray absorption near edge surface) 
and EXAFS (extended x-ray absorption fine structure) are two components of XAS 
which have been used for understanding the chemical composition and distribution 
of elements in environmental samples (Donner et al., 2013). Whilst XANES 
spectroscopy provides useful information on chemical oxidation state and 
coordination geometry of elements in complexes (Parsons et al., 2002), EXAFS 
provides detailed information on the co-ordination geometry of the investigated 
atoms in the sample (Gardea-Torresdey et al., 2005). Castillo- Michel et al. (2012) 
used this method to investigate As (arsenic) speciation in soils and plants (Prosopis 
juliflora – velutina). The speciation and distribution of Zn in mesquite plants grown 
in ZnO nanoparticle media was studied using XANES (Hernandez-Viezcas., 2011). 
Salt et al. (1999) reported that Zn was coordinated with histidine in the roots of 
Thalaspi caerulescence, using EXAF. Zn was found to be coordinated with Zn malate, 
Zn citrate and Zn phosphate in the roots of Arabidopsis halleri (Sarret et al., 2002). 
Straczek et al. (2008) reported Zn was predominantly coordinated with COOH / OH 
groups (40 -80 % of total root Zn) in the cell wall of tobacco plant roots. Adediran et 
al. (2015) also observed Zn coordination in Brassica Juncea (L.) Czern through XANES 
and reported Zn was complexed predominantly with Zn oxalate and Zn sulphate 
when roots were not inoculated with bacteria, where as in roots inoculated with 
Pseudomonas brassicacearum with Rhizobium trifolii, Zn was found to be 
coordinated with Zn polygalacturonic acid. These studies generally suggested that 
coordination of Zn with inorganic and organic ligands is an important mechanism 





XAS has proven to be useful in understanding metal speciation in environmental 
samples. However, XAS provides weighted average structural information and does 
not ascertain the absolute sum of all the species present in a sample (Carey et al., 
2012). It also has limited sensitivity and requires synchrotron x-ray source 
(Templeton and Knowles, 2009; Nearing et al., 2014).  
 
2.5 Contaminated land exposure assessment and its importance in metal 
availability 
Contaminated environment is a world legacy of industrialisation, often requiring 
huge investments to remediate (Riding et al., 2013). Metals, metalloids, 
nanoparticles amongst others are a major component of environmental 
contamination. These contaminants are persistent and toxic thus studying their 
sources, transference and potential human health effects in the environment is of 
great significance (Goix et al., 2016). According to Hough et al. (2004) under part IIA 
of the Environmental Protection Act 1990, Land is contaminated only if the current 
or intended use of a site has the potential to cause an unacceptable health risk to 
human or to the environment. This means that a quantitative assessment of the 
hazard and risk of metal pollutants is placed in the context of the future use and 
receptor for that site (Alhadrami et al., 2016). However, when considering metal 
impact on receptors through several exposure pathways, a measure of the total 
metal content may be inadequate (Ruby et al., 1996; Alhadrami et al., 2016).  
 
Biological availability that simulate receptor’s exposure to soil provide a more 
realistic approach and estimate of human exposure to hazard (Ruby et al., 1996; 
Alhadrami et al., 2016). Environmental hazard is described in terms of metal 
bioavailability and mobility in soils. The mobility of metal describes metal 
partitioning between soil solids and solution (Ianni et al., 2014). Metal 
bioavailability or bioaccessibility is defined as the total metal fraction that is 
accessible (or soluble) and available for absorption in the target organ (Goix et al., 
2016).  Therefore, measuring metal bioavailability can be used to refine exposure 




Guney and Zagury, 2016). Information on contaminant bioavailability has been 
widely recognised among researchers, legistors and regulators (Latawiec et al., 
2010; Zhang et al., 2013; Guney and Zagury, 2016). 
A risk assessment tool can be any methodology, model or software package 
designed to qualify or quantify the risk posed by a contaminant in evaluating a 
source-pathway-receptor linkage (kumar, 2015). Risk assessment tools that have 
been developed to support the approach to contaminated environment is discussed 
below 
CLEA- Contaminated Land Exposure Assessment 
CLEA is sponsored and developed by the UK, Environmental Protection Agency and 
is one of the few models that considers background exposure (Chen, 2010). CLEA is 
an exposure model that uses generic assumptions about the fate and transport of 
chemicals in the environment and a conceptual model for site conditions and 
human behaviour to estimate child and adult exposure to soil contaminants for 
those potentially living, working, and /or playing on contaminated sites over long 
periods (Environmental Agency, 2009a).  There are 10 pathways of human exposure 
to soil contaminants and the model can include further concentration 
measurements, such as concentration levels measured in soil, air and plants 
(Environmental Agency, 2009b). CLEA compares directly the estimated average daily  
 
exposure with the relevant health critical value from representative site 
concentrations in soil, air and plants using ratio mode. CLEA derives site-specific 
assessment criteria by combining standard assumptions with further site-specific 
information collected in order to refine the risk assessment (Environmental Agency, 
2009b). Generic soil guidance (SDVs) are of significance in CLEA (Defra and 
Environmental Agency, 2002). Where a soil exceeds the SGV, it is recommended 
that a risk assessment or remediation measure be conducted for the site in 
question (Defra and Environmental Agency, 2002). Additionally, exceeding of an 
SGV indicates that further risk management action should be undertaken (Rimmer 





2.6 Zn function in plants 
Along with several metal contaminants, zinc (Zn) is an essential micronutrient 
required for plant growth and development (Remeo et al., 2014). Zn is a major 
component of about 300 metallo-enzymes that maintain functional, structural and 
regulatory systems in plants (McCall et al., 2000). Zn acts as a catalytic or structural 
cofactor of several enzymes such as anhydrase, dehydrogenase, oxidase and 
peroxidase (Kabata-Pendias and Pendias, 2001). Zn is also involved in the 
metabolism of carbohydrates and proteins, synthesis of tryptophan and indole 
acetic acid (Cakmak et al., 1989) and production of auxins in plant species 
(Marschner, 1986). The regulation and maintenance of the gene expression 
required for the tolerance of environmental stresses in plants are Zn dependent 
(Cakmak, 2000). Zn affects the capacity of water uptake and transport in plants and 
alleviates the effects of heat and salt stress (Kasim, 2007; Disante et al., 2010; Peck 
et al., 2010). Zn is required for the maintenance of cellular membranes to preserve 
the structural orientation of macromolecules and ion transport systems 
(Marschner, 1995). Zn interaction with phospholipid and sulfhydryl contributes to 
the maintenance of membranes group (Cakmak, 2000; Kabata-Pendias and Pendias, 
2001; Alloway, 2004; Disante et al., 2010). Norvell and Welch (1993) reported that 
Zn prevented the oxidation of sulfhydryl groups to disulfides in the root membrane. 
 
2.6.1 Zinc toxicity and deficiency in plants 
 
It was reported by Katyal and Randhawa (1983) that the growth and yield of plants 
is strongly related to Zn concentrations in the tissues of plants. Zn concentration in 
plants varies with different soil, plant species, and climatic factors which influence 
deficiency or toxicity in plants. Zn concentration (mg Zn/kg) in plants can be 
generally classified as: “deficient” if < 10 to 20, “sufficient” or normal if between 25 
and 150, and “excessive” or toxic if > 400 (Kabata-Pendias and Pendias, 1984). Zn 
toxicity to plants depends on pH of soil which controls the concentration of Zn in 




Accumulation of excess zinc in soil is an environmental issue due to its toxic effect 
on plants. The effect of elevated zinc concentrations on plants has been 
investigated in many studies. High levels of Zn in plant lead to reduced yields and 
stunted growth, Fe-deficiency-induced chlorosis through reduction in chlorophyll 
synthesis and chloroplast degradation (Mirshekali et al., 2012). Stunt growth and 
decrease in mitotic activity of roots (Jain et al., 2010), inhibition of cell elongation 
and division, (Arduini et al., 1994; Cakmak, 2000; Khudsar et al., 2004), 
interferences with other nutrients (P, Mg and Mn) uptake (Foy et al., 1978; Chaney, 
1993; Kaya et al., 2000) and inhibition of enzyme activities (Khudsar et al., 2004). 
Excess zinc can also hinder stomatal conductance (Khudsar et al., 2004; Dhir et al., 
2008; Sagardoy et al., 2010) as well as inactivate enzymes involved in CO2 fixation 
(Khudsar et al., 2004), reduce seed sprouting and seedling stunting, chlorosis, 
necrosis (Foy et al., 1978; Wong and Bradshaw, 1982). Furthermore, exposure to 
increased Zn concentrations has been shown to enhance production of reactive 
oxygen species (ROS) in plant cells, thus causing cells to be exposed to oxidative 
stress resulting in ion leakage, lipid peroxidation, membrane damage and biological 
macromolecule deterioration (Wintz et al., 2003; Feigl et al., 2015). Beyond direct 
effects in the plants, soil enzymes, microbes and nitrogen fixation are inhibited, in 
Zn contaminated soil (Doelman and Haanstra, 1984; Baath, 1992; Mhatre and 















2.7 Nanoparticles  
Particles that have at least one dimension between 1 and 100 nm are said to be 
nanoparticles (Glover et al., 2011; Pan and Xing, 2012). NPs have a larger surface 
area to volume ratio than their bulk counterparts allowing for greater reactivity, 
and possess unique physicochemical properties that makes them exhibit different 
characteristics to those displayed by “bulk” materials of identical chemical 
composition (MacCormack and Goss, 2008; Nie et al., 2015). 
 
2.7.1 Characteristics and applications 
Nanoparticles can be grouped based on their morphology (sphericity, flatness and 
aspect ratio); dimensionality (1D, 2D and 3D); agglomeration and uniformity 
(nanoparticles can exist as colloids, in suspension, dispersed aerosols or in an 
agglomerated state); composition (nanoparticles can be composed of one material 
or several materials (Nowack and Bucheli, 2007; Remedios et al., 2012) and source. 
Naturally, nanoparticles are abundant in all environments, both aquatic and 
terrestrial, as they are produced by many natural processes including volcanic 
eruptions, chemical and physical weathering of rocks, biological processes and 
precipitation reaction (Hochella et al., 2015; Sharma et al., 2015). Engineered or 
manufactured nanoparticles are also formed as products from human activities 
such as combustion of coal and fuel oil, ore refining and smelting (Plathe et al., 
2013). Currently, nanoparticles are of great scientific interest as they have many 
potential applications in technology, commercial and industrial sectors (Mitrano et 
al., 2015; Soenen et al., 2015; Stark et al., 2015). This is influenced by their nanosize, 
optical, mechanical and electrical properties which have resulted in a range of 
nanotechnology material products, including carbonaceous nanomaterials and 
semiconductor, metals, metal oxides and nanopolymers (Mitrano et al., 2015; 
Soenen et al., 2015; Stark et al., 2015). Metal oxides are among the most 
extensively used nanoparticles. For example, due to their electrical and optical 
properties (Heinlaan et al., 2008). Zinc oxide nanoparticles are widely used in UV 
absorbing material, gas sensors and coatings for solar cells (Hernandez-Viezcas et 




photoluminescence, and optoelectronics (e.g in reflector, light emitting diode, and 
window material) (Rahdar et al., 2012). 
 
2.7.2  Nanoparticles in the environment 
Apart from their useful industrial applications, nanoparticles (NPs) have the 
potential to enter the environment and contaminate land, soil and sea and fresh 
and saline waterbodies (Klaine et al., 2008; Peralta-Videa et al., 2011; Zhu et al., 
2016). NPs may be introduced intentionally or unintentionally into the environment 
through several sources such as accidental spillage during production or 
transportation and diffuse release which is associated with production facilities and 
leaching from solid waste (Mueller and Nowack, 2008; Keller et al., 2013). Keller et 
al., 2013 identified the release of ten common NPs (ZnO, carbon nanotube (CNT), 
silica (SiO2), titanium dioxide, alumina, iron and iron oxide, nanoclay, cerium oxide, 
silver, copper and copper oxide) in the environment.  Majority of these released 
NPs ended up in landfill, with most NPs emitted to soil and water (Muller and 
Nowack, 2008; Keller et al., 2013). Specifically, NPs are directly released into soil 
through the use of nanofertilizers, nanopesticides, agrofilms materials (Gladkova 
and Terekhova, 2013). Other deliberate sources of NPs released into the 
environment includes, the use of NPs in water and soil remediation technologies 
(Barnes et al., 2010). Land application of organic amendment (including biosolids, 
sewage sludge and manure) represents a significant environmental exposure for 
NPs (Yang et al. 2014; Santiago-Martin et al., 2016). The presence of NPs in the 
environment may have an adverse effect on man (via inhalation, digestion or 
exposure to air, soil and water) and the entire ecosystem (Klaine et al., 2008; Papp 
et al., 2008). The potential release of NPs in the environment has not been fully 
monitored, thus evaluating the associated risk is difficult (klaine et al., 2008; 
Maurer-Jones et al., 2013; Hegde et al., 2016). Nevertheless, monitoring NPs in the 
environment remains a major challenge as development of techniques for 
detection, identification and quantification of NPs is ongoing (ENRHES, 2010; Bakshi 




2.7.3 Fate of nanoparticles in soil. 
Soil represents a natural medium with which nanoparticles may interact (Pan and 
Xing, 2012). On-going studies of the behaviour of nanoparticles in the aqueous 
media might be of relevance to soils as the nanoparticle behaviour in the aqueous 
phase of soil may be of great importance for their bioavailability and transport 
(Tourinho et al., 2012). Characteristics that influence the behaviour of nanoparticles 
in the environment include: particle state (e.g. size, structure, surface area and 
surface charge), chemistry (e.g. ionic strength, natural organic matter content, pH, 
ionic composition (Petosa et al., 2010) aggregation, agglomeration, dissolution and 
dispersion (Pan and Xing, 2012). Most NPs will also under go significant 
transformation processes which include oxidation, sulphidation which will result in 
less reactive NPs that are less likely to dissolve and be less toxic (Lv et al., 2012; Ma 
et al., 2013; Garner and Keller, 2014). These characteristics of nanoparticle also 
influence the degree to which they undergo change that controls their fate, 
behaviour and toxicity in the environment (Tourinho et al., 2012; Cornelis et al., 
2014; Garner and Keller, 2014). 
 
2.7.4  Implication of nanoparticles for toxicity 
Increases in production and usage of nanomaterials will result in increased 
exposure to living organisms (Wang et al., 2016). The physicochemical properties of 
nanoparticles such as sizes, chemical composition and sturcutures, and high surface 
area to volume ratio of nanoparticles will enhance toxicity resulting in potential 
damage to humans, microorganisms and plants (Simon and Richaume, 2015; Sajid 
et al., 2015; Ebbs et al., 2016; Hegde et al., 2016). Nanoparticles may potentially 
have an adverse effect on the environment due to their abundance and long 
residence time (Quigg et al., 2013). There are several mechanisms by which 
nanoparticles will have toxic effects on living cells. Due to their redox activity, 
nanoparticles can damage cells as a result of the production of reactive oxygen 
species (ROS) which might lead to oxidative stress in cell (Klaine et al., 2008; Manke 
et al., 2013; Sarka et al., 2014; Khanna et al., 2015). ROS induction is due to 




their reactive sites, which is mostly, considered the primary cause of nanotoxicity 
(Khanna et al., 2015). Nanoparticles damage the membrane integrity, which could 
lead to increases in membrane permeability causing cells to be more susceptible to 
osmotic stress and also hindering nutrient uptake (Friehs et al., 2016). ZnO NPs 
increases the leakage of the cell membrane (Yang et al., 2009), Ag NPs directly 
interacted with membranes of Escherichia coli and increased their permeability 
(Duran et al., 2016). NPs may also interrupt energy transport processes due to 
retention of electrons (Pan and Xing, 2012). Several studies have shown that 
nanosized particles can be taken up by mammalian cell types (Osman et al., 2010; 
Roszak et al., 2016), and may negatively affect soil bacteria (Kim et al., 2013). Nano -
TiO2 and nano- ZnO showed toxic effects as they reduced the microbial biomass, 
and resulted in changes in the composition and diversity of the bacterial community 
(Ge et al., 2011), and changes in soil enzyme activities such as catalase, peroxidase 
and protease (Du et al., 2011). 
NPs also interact with plants, causing morphological and physiological changes 
depending on the NPs properties (Siddiqui et al., 2015). Both negative and positive 
effects of NPs on plants have been reported, depending on the nanoparticles 
concentration, plant species and the physical and chemical properties of NPs (Ma et 
al., 2010). 
 
The effect of NPs on photosynthesis and gas exchange in food crops have been 
reported (Das et al., 2015; Rao et al., 2014).  NPs caused a significant decrease in 
chlorophyll content in Indian mustard, pea and soybean (Nair et al., 2013; Rao et al., 
2014; Mukherjee et al., 2014). It has been reported that NPs caused oxidative stress 
in plants by producing reactive oxygen species (ROS) in many plants (Rajeshwari et 
al., 2015). For example, CuO and ZnO NPs caused oxidative stress in wheat by 
increased lipid peroxidation and oxidized gluthathione in roots (Dimpka et al., 
2012). NiO NPs caused a significant (122%) increase in intracellular ROS production 
in tomato roots (Faisal et al., 2013). NPs have been shown to affect mineral 
nutritional status in plant (Li et al., 2014). For example, Ag NPs decreased mineral 




2013). NPs have caused genotoxicity in plants by modification of plant gene 
expression (Rizwan et al., 2016; Nair et al., 2015). Shaymurat et al. (2012) reported 
that ZnO NPs (10 - 50 mg L-1) induced mitotic aberration and decreased the mitosis 
index in Allium sativum (garlic). Similar genotoxcity effect of ZnO NPs on onion root 
tips have been reported (Raskar and Laware, 2014; Taranath et al., 2015). NPs 
reduced crop yield and nutritional quality of crops. Zhao et al. (2014) reported that 
CeO2 and ZnO NPs (400 and 800 mg kg-1) altered the quality of protein, mineral 
nutrients and carbohydrate of cucumber. Other negative effects of NPs on plant 
growth and morphology have also been reported (Mahajan et al., 2011; Kim et al., 
2012; Kouhi et al., 2015). For example, ZnO NPs (500 and 750 mg kg-1) reduced the 
shoot and root biomass of alfalfa by 80% and 25% (Bandyopadhyay et al., 2015). 
 
Conversely, some studies reported positive effects of nanomaterials on plants for 
example; Ag NPs increased ascorbate and chlorophyll in the leaves of Asparagus 
officinalis (Asparagus) (An et al., 2008), TiO2 decreased malondialdehyde (MDA), 
hydrogen peroxide (H2O2), and electrolyte leakage in chickpea (mohammadi et al., 
2014), Silica NPs increased seed germination, biomass, shoot and root length and 
chlorophyll content in maize under field condition (Suriyaprabha et al., 2012). ZnO 
NPs promoted the root growth of soybean (Oberdorster, 2010). Other positive 
effects on plant growth have also been reported (Wang et al., 2013; Lee et al., 2010; 
Morales et al., 2013). 
 
2.7.5  Mechanism of Phytotoxicity  
The phytotoxicity of NPs has been well investigated but the mechanism of 
phytotoxicity is still unclear since nanomaterials and organisms interact in many 
ways (Diets and Herth, 2011) including: (1) metal ion release by NPs in solution elicit 
a chemical effect; (2) hard spherical NPs produce mechanical effects; (3) the NP 
surface binds proteins or causes oxidative effects; (4) the NPs surface produces 
catalytic effects; (5) NPs change the chemical environment (by influencing pH) (Li et 
al., 2015). Most studies have concluded that a major cause of phytotoxicity of metal 




For example, some studies concluded that the toxicity of ZnO NPs resulted from the 
released Zn2+ (Lopez –Moreno et al., 2010a, b; Miller et al., 2010). However, other 
studies concluded that the toxicity of ZnO NPs itself cannot be overlooked (Lee et 
al., 2010). Lin and Xing (2008) reported that the presence of ZnO NPs negatively 
affected the morphology of plant roots (Figure 2.1). 
 
 
Figure 2.1: Longitudinal sections of ryegrass primary root tips observed under light 




species. (a) control, (b) 1000 mg L-1 ZnO and (c) 1000 mg L-1 Zn2+ in hydroponic 
culture solution. rc: rootcap; ep: epidermis; ct:cortex; vs: vascular cylinder (Lin 
and Xing, 2008). 
 
2.7.6 Uptake and translocation of nanoparticles in plants 
The interactions between NPs and plants are of significance as plants directly 
interact with the soil, water and atmosphere and transfer contaminants (heavy 
metals), including nanoparticles between trophic levels in ecosystems (Gardea-
Torresdey et al., 2014). Uptake occurs when a material penetrates the cell wall and 
cytoplasm of the plant (Miralles et al., 2012). Uptake of nanoparticles can occur in 
the zone of lateral root formation where NPs through the apoplastic bypass enter 
the xylem (Dietz and Herth, 2011). The plant cell wall serves as a semi permeable 
barrier that regulates the movement of materials via pores (Lin et al., 2008; Kurepa 
et al., 2010). The pore sizes of a typical plant cell wall vary with plant species and 
range from 3 to 8 nm for root hairs. Only NPs or aggregates with diameter less than 
the cell wall pores can penetrate the cell wall and reach the plasma membrane 
(Dietz and Herth, 2011). For instance, Au NPs with diameter 3.5 nm were taken up 
into tomato seedlings whilst those of diamters 18 nm remained agglomerated on 
the root outer surface (Sabo-Attwood et al., 2012). Nevertheless, some authors 
have reported absorption and translocation of larger sizes of NPs (Navarro et al., 
2008; Corredor et al., 2009; Ma et al., 2010). The nature of the growth matrix and 
type of plant species appears to affect the uptake of nanoparticles by plants. Lin 
and Xing (2008) used transmission electron microscopy (TEM) to examine cell 
internalization and upward translocation of ZnO NPs in ryegrass (Lolium perenne L.) 
grown in solution culture to show that ZnO NPs passed through the epidermis and 
cortex of the root although, the translocation of Zn to the shoot was not examined. 
In contrast, plant uptake of NPs was not detected when soil or sand was used as the 
growth medium. For example, there was no detection of CeO2 NPs in the leaves of 
maize (Zea mays L.) (Birbaum et al., 2010), ZnO NPs in either roots (Du et al., 2011) 
or shoots (Dimkpa et al., 2013) of wheat (Triticum aestivum L.), and ZnO NPs in 




2.7.7  Nanoparticles as a remediation tool 
In addition to biological methods such as bioremediation, phytoremediation 
(amongst others) used in remediating contaminated environment, some 
nanomaterials have recently been applied to environmental remediation as a result 
of their increased reactivity due to their high surface area per unit of mass (Rickerby 
and Morrison, 2007; Patil et al., 2016). Nanomaterials such as metal oxides, zeolites, 
bimetallic nanoparticles, carbon nanotubes and fibers are used for the 
transformation and detoxification of pollutants (Patilet al., 2016). Nanoscale zero -
valent iron (nZVI) is currently been used in reactive barriers for the removal of 
organic and inorganic contaminants (Figure 2.2) (Nowack, 2008; Garner and Keller, 
2014; Tosco et al., 2014; Patil et al., 2016). The process of degradation is based on 
the redox reaction where Fe (iron) donates electrons to the toxic contaminants, 
thereby reducing the formation of toxic by product. ZVI can decrease dissolved 
concentrations of chromate, arsenate, selenite, perchlorate and nitrate (Nowack, 
2008; Ghasemzadeh et al., 2014). Karn et al. (2009) reported that treatment of 
contaminated groundwater with nZVI is accomplished in only 1-2 years as 









Figure 2.2: In situ technologies for the treatment of contaminated soil and ground 
water: (1) nZVI is injected to form a reactive barrier; (2) Mobile nZVI is injected to 
form an nZVI plume; (3) NP is incooperated into topsoil to degrade or adsorb 
contaminants (Mueller and Nowack, 2010). 
 
 
2.8 Phytoremediation as a sustainable remediation technology 
Phytoremediation is the use of plants that are genetically engineered or naturally 
occurring plants to clean up contaminated environments. It is considered to be a 
green revolution for remediating contaminated sites, being a simple, clean and cost 
effective technology (Liang et al., 2009).  It involves the direct use of green plants 
and their associated microorganisms to remove, reduce, extract or stabilize 
contamination in surface water, sediments, soils, sludge or groundwater sites (Salt 
et al., 1998; Sharma and Pandey, 2014). Contaminated sites with low concentration 
of contaminants and at shallow depths have the most favourable conditions for 
phytoremediation (Sharma and Pandey, 2014). Phytoremediation can be used to 
clean up a range of contaminants, including metals, explosives, solvents, and crude 
oil (Sharma and Pandey, 2014). The success of phytoremediation is mainly 
dependent on the selective uptake ability of plants in addition to the accumulation, 




different mechanisms by which phytoremediation is achieved, including: 
rhizofiltration, phytostabilization, phytodegradation and phytovolatilization. These 
phytoremediation processes are described below. 
2.8.1  Rhizofiltration  
Rhizofiltration is the use of plant roots to concentrate and sorb contaminants from 
solution (Dushenkov et al., 1995; 1997). Rhizofiltration is a promising technology to 
remove radionuclides and heavy metals from contaminated water, aqueous waste 
streams and effluents (Lee and Yang, 2010). The plants used are first acclimated to 
the contaminant and are not planted directly into the contaminated medium. Plants 
are hydroponically grown in clean water to form a large root system which further 
acclimatises when grown in polluted water before planting in the polluted area 
(Dushenkov et al., 1995). The large roots uptake the contaminant in the polluted 
water and the roots are harvested. Roots of hydroponically grown higher plants, 
e.g. sunflower, soybean, bean, grasses and Indian mustard, have been used to 
absorb heavy metals (cadmium, chromium, nickel, zinc, lead and uranium) and 
radionuclides (strontium and caesium) from polluted effluents (Dushenkov et al., 
1995; 1997; Dushenkov and Kapulnik, 2000; Mei et al., 2002; Easpen et al., 2003).    
 
2.8.2  Phytostabilisation 
Phytostabilisation is a plant based remediation measure to reduce the mobility of 
contaminants in soil (Galende et al., 2014). It involves the use of plant roots or 
whole plants to prevent the migration of contaminants through soil dispersion, 
wind, water erosion and leaching. Contaminants in the soil are immobilised through 
precipitation in the plant root zone, adsorption onto roots, accumulation or 
absorption by roots (Adreazza et al., 2011). Phytostabilization has been applied in 






2.8.3  Phytodegradation (Phytotransformation) 
Phytodegradation, also known as phytotransformation is the degradation of organic 
contaminants (e.g. trichloroethylene, polycyclic aromatic hydrocarbons, explosives, 
herbicides, amongst others) through internal or secreted enzymes of plants (Doty, 
2008). Nitroreductase, nitrilase, dehalogenase, peroxidase and phosphatase are 
some of the enzymes used for phytodegradation. Plants such as the hybrid poplars 
(Newman et al., 1997), and the tropical leguminous tree Leucocaena leucocephala 
(Doty et al., 2003) have been frequently used for phytodegradation. 
Phytodegradation is limited to the removal of organic pollutants only because heavy 
metals are non-biodegradable (Ali et al., 2013). 
 
2.8.4 Phytovolatilization 
Phytovolatilization is a remedial measure which involves the use of plants to 
remove contaminants from soil and water by transforming them into a volatile form 
(Wang et al., 2012). The contaminants are taken up by plant roots and are then 
transported through the xylem and released from the cellular tissues into the 
atmosphere (Wang et al., 2012). However, this measure is only feasible for 
elements with a volatile form, e.g. Hg. 
2.8.5  Rhizodegradation 
Rhizodegradation is a form of phytoremediation that involves the degradation of 
organic contaminants in the soil by soil microbes in the rhizosphere of plants. Plants 
root exudates (e.g. amino acids, carbohydrates) provide a source of nutrients and 
energy to the entire rhizosphere microbial population which stimulates increased 
activity aiding in the biodegradation of some organic contaminants (Susarla et al., 
2002). However, this measure is only feasible for organic contaminants and not 
heavy metals. 
2.8.6 Phytoextraction 
Phytoextraction, also known as phytoaccumulation is a promising technology for 
the remediation of contaminated soil (Zhang et al., 2010). It involves the use of 




toxic metals at levels 100-1000 fold than those measured in non-accumulator 
plants) (Yang et al., 2005) to remove metals from contaminated soil and transfer 
them to their shoots, which is followed by the seasonal harvesting of plant biomass, 
until the soil heavy metal concentration decreases (Wei et al., 2008). The two basic 
types of phytoextraction and the mechanisms involved are shown in Figure 2.3. 
  (i) Chelate assisted or induced phytoextraction 
This involves the addition of artificial chelates that increase the solubility and 
mobility of contaminants. Chelators such as ethylenediaminetetra acetic acid 
(EDTA) applied to Pb contaminated soils, resulted in an increased amount of 
bioavailable lead and greater Pb accumulation in plants (Huang et al., 1997). 
Marques et al. (2009) reported that Zn concentrations in water extracts of soils, 
collected during plant harvest were significantly increased 4.0 and 3.1 - fold 
following the addition of ethylenediamine disuccinic acid (EDDS) or EDTA 
respectively. The addition of EDTA and EDDS in metal contaminated soil reduced 
arbuscular mycorrhizal fungi (AMF) colonisation of Zea mays and Nicotiana tabacum 
(Chen et al., 2003; 2004; Wu et al., 2004). For induced phytoextraction to be 
effective, high plant biomass is required before chelate application. This may be 
difficult if the soil is heavily contaminated with Zn, Cd, or Cu which are more 
bioavailable and phytotoxic than Pb (Lombi et al., 2000). 
 
(ii)   Continuous phytoextraction 
 This involves the natural ability of plants to extract and remove contaminants (Salt 
et al., 1997). Hyperaccumulator plants accumulate metals in their shoots and roots 
and have an exceptionally high tolerance to heavy metals (Baker et al., 2000). Some 
hyperaccumulators tend to produce low biomass and are also slow- growing. Brown 
et al. (1994) estimated that 28 years of Thlaspi caerulescens cultivation would be 
required to extract Zn from a soil containing 2100 mg Zn kg-1. Another limitation is 
that some metals are immobile in soil and their extraction rate is limited by 






Figure 2.3: Natural and Induced Phytoextraction.  
(http://www.bnl.gov/erd/Peconic/Factsheet/Phytoextract.pdf) 
 
2.9  Hyperaccumulator species 
Recently, 450 angiosperm species from at least 45 plant families have been shown 
to be metal hyperaccumulators (Rascio and Navari-Izzo, 2011) in particular 
Brassicaceae and Asteraceae (Seth, 2012). The Brassicaceae is a large angiosperm 
(flowering plant) dicot family which belongs to the order Brassicales. It contains 
338-360 genera and 3709 species distributed worldwide on all continents except 
Antarctica (Al-Shehbaz, 1973; Appel and Al-Shehbaz, 2003; Al-Shehbaz et al., 2006). 
The Brassicaceae have potential to remediate varied environmental contaminants 
(Milner and Kochia, 2008; Kramer, 2010) and have shown to tolerate trace metals 
and to accumulate elevated concentrations of metals in the roots and shoots 
(Kumar et al., 1995; Ebbs and Kochian, 1997). Brassica juncea (L.) CZern and Coss 
are noted for their capacity to tolerate, stabilise, extract and accumulate metals 
such as Zn, Pb, Ni, Cu, Cr, or Cd (Ebbs et al., 1997; Ebbs and Kochian, 1998; Prasad 
and Freitas, 2003; Bluskov et al., 2005; Meyer et al., 2008; Purakayastha et al., 2008; 





A number of other plant species as seen in Table 2.2 have also been identified as 
hyperaccumulators and have been used by researchers to investigate remediation 
potentials and the processes involved. Often, due to the limitations of 
phytoremediation (discussed below) these plants are combined with other 
traditional technologies for cleaning up contaminated environments (Ma et al., 
2001; Rosen, 2002; Sasaki et al., 2006; Meda et al., 2007; Shoa et al., 2009). 
Examples of hyperaccumulators plant species for heavy metal phytoremediation are 
given in Table 2.2. 
 
Table 2.2: Examples of some metal hyperaccumulator and their bioaccumulation 
potential (Sarma, 2011; Mahar et al., 2016) 
Plant species Metals Metal 
accumulation  (mg 
/ kg) 
    References 
Sesbania 
drummondi 
Cd 1687  Israr et al. (2006) 
Thlaspi 
caerulescens 




Cd 236.2 Kucharski et al. 
(2005) 
Arabis paniculata Cd 1127  Zeng et al. (2009)  
Sedum alfredii Cd 2183 Jin and Liu (2009) 
Solanum 
photeinocarpum 
Cd 158 Zhang et al. (2011) 
Pteris vittata Cr 20, 675 Kalve et al. (2011) 
Zea mays L ganga 
5 
Cr 2538  Sharma et al. (2003) 
Phragmites 
australis 
Cr 4825  Calheiros et al. 
(2008) 
Eichornia crassipes Cr (Vi) 6000  Lytle et al. (1998) 








Silene vulgaris Hg 4.25 Araceli et al. (2002). 
Alyxia rubricaulis Mn 11,500 Chaney et al. (2010) 
Seberia acuminate Ni 250,000   Jaffre et al. (1976) 
Berkheya coddii NI 5,500  Robinson et al. 
(1997) 
Brassica Juncea Ni 3916  Sarawat and Rai 
(2009) 
Brassica juncea Pb 10,300 Koptsik (2014)  
A.racemosus Se 14,900 Beath et al. (1937) 
Iberis intermedia Ti 3,070  Leblanc et al. (1999) 
Thlaspi calaminare Zn 21,150  Baker et al. (1994) 
Deshampsia 
cespitosa 




Zn 19410  Banasova and Horak 
(2008) 
Sedum alfredii Zn 13,799  Jin and Liu (2009) 
Potentilla  griffithii Zn 19,600  Hu et al. (2009) 
 
2.9.1  Mechanisms of heavy metal uptake and transport 
Contaminant uptake is an important process in phytoextraction. The extent to 
which plants take up metals is dependent on metal bioavailability and 
concentration in soil which is influenced by redox potential, pH, presence of organic 
matter, concentrations of other elements and temperature (Benavides et al., 2005). 
Metal uptake by roots may take place at the apical region or from the root surface 
(Setia et al., 2008). For effective metal uptake, metals that are fixed in mineral form 
are first mobilised into soil solution. Plants tend to achieve this by secreting 
phytosiderophores into the rhizosphere to solubilise and chelate metals that are 
bound (Wu et al., 2004). The mobilized metal which is bound to the cell wall is 
captured by the root cells (Ghosh and Singh, 2005). Inside the plant, the apoplast is 
the free diffusional space outside the plasma membrane which aids in the transport 




movement of water from cell to cell in the cytoplasm through the plasma 
membrane (Raskin et al., 1997; Ghosh and Singh, 2005; Thakur et al., 2016). 
Apoplastic and symplastic pathways are two alternative pathways for metal uptake 
in plants (Seith et al., 2008). Metal ions require membrane transporter proteins for 
transportation from the root endodermis into the root xylem (Pilon- Smits, 2005). 
Although some metals are chelated by organic acids (citrate, histidine) during xylem 
(Pickering et al., 2000), it is still unclear which metal ion transporter proteins are 
exported to root xylem (Pilon- Smits, 2005). Specific transporters for metal 
hyperaccumulators have been reported. In Arabidopsis thaliana, AtHMA1-AtHMA4 
transporters are involved in root-to-shoot translocation of Zn, Co, Cd, and Pb (Mills 
et al., 2003; Hussain et al., 2004; Verret et al., 2004; Eren and Arguello, 2004; Morel 
et al., 2009; Wong and Cobbett, 2009). In Arabidopsis halleri, AhHMA4 contributed 
to Zn translocation from root to shoot (Talke et al., 2006). There is considerable 
evidence that arsenic (As) can enter plant root as arsenate via transporters of the 
chemical analogue - phosphate (Meharg and Hartley-Whitaker, 2002; Rascio and 
Navari-Izzo, 2011). 
 
2.9.2 Mechanisms of metal detoxification or tolerance in plants 
Microelements such as Cu, Zn, Mn and Ni are vital for plant development and 
growth but these metals also tend to be toxic at high intracellular concentration. At 
the cellular level plants have several mechanisms to detoxify metals. These include 
regulation of ion efflux (stimulation of transporter activity at low intracellular ion 
supply and inhibition at high concentrations) and extrusion of intracellular ion 
supply back into the external solution (Lombi et al., 2002; Long et al., 2002). 
Another detoxification mechanism reported in metal hyperaccumulator plant 
species that are capable of taking up metals in thousands of ppm is complexation 
with ligands. It has been shown that a Ni hyperaccumulator plant Thlaspi 
goesingense was highly tolerant, as a result of Ni complexation by histidine (Kramer 
et al., 1996). Zn has been shown to be mainly complexed with histidine (70%) in 
plant roots (Salt et al., 1999), whilst in Noccaea caerulescens it occurred more as Zn-




2000). The synthesis of phytochelatins and antioxidants are also plant tolerance 
mechanisms against metal induced oxidative stress (Seth et al., 2007, 2008; Seth, 
2012). 
 
2.9.3 Factors affecting metal uptake by plants. 
 
Soil factors 
Soil characteristics such as organic matter content, cation exchange capacity, soil 
pH, and sorptive capacity (described above) have a strong effect on plant uptake of 
metals. Not all forms of metal are available for uptake. The forms of metals that are 
readily available are those which are dissolved in the soil pore water (Sauve et al., 
2000), whilst metals that are a core part of solid phase minerals are not 
phytoavailable (Lombi et al., 2003). 
 
Differences between plant species 
Concentrations of metals in plants growing in the same soil vary between plant 
species (Hamon et al., 1997). Consequently, plant selections are vital and those 
plant species that can hyperacccumulate heavy metals and produce large amount of 
biomass are suitable for phytoextraction. 
Root zone 
The root zone is an important aspect that might have an effect on uptake efficiency. 
(Tangahu et al., 2011). Plant root can influence heavy metal phytoavailability 
(Elekes, 2014) by modifying the soil properties in the rhizosphere (Brown et al., 
2003). Root lengths differ between plant species (Hamon et al., 1999; Negri et al., 
2003). The roots of non –metal-tolerant species have been shown to avoid areas of 
soil highly contaminated by toxic metals thus reducing the heavy metal uptake in 





Transpiration rates differ and are dependent on humidity, soil moisture content and 
plant species (Larcher, 1995). Plant transpiration rates will influence metal uptake in 
that the more plants transpire, the greater the mass flow of soil solution to the root 
surface. This increases the concentration of the metal at the root surface thus 
enhancing metal uptake (Hamon and McLaughlin, 2003). 
2.9.4  Advantages and limitations of phytoextraction 
Phytoextraction is an environmentally aesthetically pleasing (since it uses plants) 
and cost effective technology which is designed to concentrate metals in plant 
tissue (Salt et al., 1995). There is less environmental disruption as the treatment 
preserves the top soil that can be recovered for agricultural use (Tangahu et al., 
2011). The high yield of biomass is effective in reducing high concentrations of 
heavy metals to a low level. Metal-rich plant residue can be reused (Tangahu et al., 
2011), e.g. Bio-ore (Brooks et al., 1998; Nick and Chambers, 1994), and smelting 
(Koppolu et al., 2003). 
Although, the effectiveness of phytoextraction is limited by a number of factors 
including: the low availability of heavy metals in soil, low biomass and slow growth 
of most hyperaccumulators (Sheng et al., 2012; Mahar et al., 2016). Stressors such 
as weeds, plant pathogens, and variation in nutrients, precipitation and 
temperature may affect plant growth (Gerhardt et al., 2009). The consumption of 
contaminated plants by wildlife may be possible (Ghosh and Singh, 2005). 
 
2.10  Plant Growth Promoting Bacteria (PGPB)  
Use of plant growth promoting bacteria (PGPB) may overcome some of the 
limitations of phytoextraction (Burd et al., 2000). Plants are subjected to abiotic and 
biotic factors that influence their production rate, root development and growth 
(Haghighi et al., 2011).  Microorganisms such as protozoa, algae, fungi, bacteria, and 
actinomycetes are numerous in the soil (Parsaeimeh, 2009; Homayoun, 2011; 
Ordookhani, 2011). Bacteria are the most abundant, with 1 g of soil containing 108 - 
109 bacterial cells (Glicks, 2012). The number and type of bacterial found in soil is 




amongst others. Bacteria are not evenly distributed in soil, with greater 
concentration found around the roots of plants (rhisozphere) than in bulk soil 
(Glicks, 2012). Bacteria that provide benefits to plants either by free-living in the soil 
or by symbiotic relationships with plants are known as plant growth promoting 
bacteria (PGPB) or plant growth promoting rhizobacteria (PGPR). These plant 
associated bacteria migrate from the bulk soil to the rhizosphere where they 
colonise the roots of the plant and rhizosphere (Kloepper and Schroth, 1978; 
Kloepper et al., 1991). Diverse symbiotic (Rhizobium, Bradyrhizobium, 
Mesorhizobium) and non-symbiotic (Pseudomonas, Bacillus, Klebsiella, Azotobacter, 
Azospirillium, Azomonas) rhizobacteria are being used as bio-inoculants to promote 
plant growth and development under various stresses, such as heavy metals (Wani 
and Khan 2010; Ma et al., 2011; Adediran et al., 2015), herbicides (Ahemad and 
Khan, 2011), salinity (Mayak et al., 2004). 
Rhizobium – legume symbiosis has been examined extensively. The N2 fixed by 
rhizobia in legumes can also benefit non – legume plants through direct transfer of 
biologically fixed N (Snapp et al., 1998; Hayat et al., 2008a, b). Rhizobia have been 
isolated as natural endophytes from roots of non-legume species such as cotton, 
sweet corn (Mclnory and Kloepper, 1995), maize (Martinez-Romeo et al., 2000) and 
canola (Lupwayi et al., 2000).  Wiehe and Holfich (1995) reported that strain R39 of 
Rhizobium leguminosarum bv. trifolii increased under field conditions in the 
rhizosphere of host legume (lupin and pea) and non- legumes including corn (Zea 
mays, rape (Brassica napus L) and wheat (Triticum aestivum). The ability of rhizobia 
to colonize roots and localise internally in tissues including the xylem has been 
demonstrated in a number of studies (Spencer et al., 1994). The plant growth 
promoting effect of Rhizobium leguminosarum bv. trifolii on non- legume plant has 
been reported to be similar to pseudomonas species (Holich, 2000; Adediran et al., 
2015). 
2.10.1  Interaction in the rhizosphere 
The rhizosphere, is the zone of soil surrounding living plant roots subjected to the 
direct influence of root activity (Hinsinger et al., 2005). It has been redefined to 




strongly influenced by surrounding plant roots (Badri et al., 2009). The rhizosphere 
can be as thin as a few μm or as thick as a few cm (Alford et al., 2010). Soil, 
microorganisms and plants are in a mutual relationship. Plants are a major source of 
organic nutrients in soil and as driving force for microbial activity, whilst soil 
microbes interact with the plant root and can modulate plant responses to biotic 
and abiotic stress (Minz et al., 2013). Biogeochemical processes have been shown to 
differ between the bulk and rhizosphere soil (Hinsinger et al., 2005; Fageria and 
Stone, 2006; Watt et al., 2006). The rhizosphere effect differs with plant species 
(due to differences in the nature of exudates, root system complexity), soil type and 
properties (Hinsinger and Courchesne, 2008). In the rhizosphere, biochemical 
interaction takes place, influencing plant growth and yields (Haghighi et al., 2011). 
Plants exude diverse compounds, such as organic acids, amino acids, proteins 
(enzymes), phenolic compounds, and polysaccharides, which are dependent on 
photosynthesis rate, soil type, plant physiological condition, age and substrate 
availability (Kidd et al., 2009). It has been estimated that about 10 to 40% of 
assimilated carbon can be released directly into the soil through root exudates 
(Singer et al., 2003; Bias et al., 2006). Root exudates may also influence the 
behaviour of trace metals and nutrients either by reducing or enhancing their 
availability: indirectly through their effects on microbial activity, root growth 
patterns and physical and chemical properties of the rhizosphere; or directly by 
affecting acidification, chelation, precipitation and redox reactions (Uren and 
Reisenauer, 1998; Tao et al., 2004; Jing et al., 2007). 
 
2.10.2 Importance of PGPB in metal contaminated soil 
Different types of PGPB, including Flavobacterium, Agrobacterium, Azotobacter, 
Acetobacter, Arthrobacter, Bacillus, Burkholderia, Chromobacterium, Pseudomonas, 
Azospirillum, Xanthomonas, Klebsiella, Erwinia, Micrococcus (Misko and Germida, 
2002; Gary and Smith, 2004), have been reported to have advantageous effects on 
plants in metal contaminated environments (Tokala et al., 2002; Dimpka et al., 
2008a, b; 2009a, b). Most PGPB can degrade contaminants or prevent metal 




Arthrobacter mysorens was found to be resistant to lead and cadmium, preventing 
accumulation of these heavy metals in plant tissue also enhancing the growth of 
barley in heavy metal contaminated soil (De-Bashan et al., 2011). Khan et al. (2009) 
reported that Bacillus strains that were isolated from chromium contaminated soil 
reduced highly toxic Cr6+ to less toxic Cr3+. 
Isolation of rhizosphere bacteria and supporting them with appropriate metabolites 
that allows the synthesis of natural chelators can improve metal bioavailability and 
reduce phytotoxicity (De-Bashan et al., 2011). Metal-resistant endophytic bacteria 
reduced metal toxicity in plants (Weyens et al., 2009). Li et al. (2007) reported that 
uptake of zinc and cadmium by Sedum alfredii can be increased following the 
inoculation with endophytic bacteria.  
Several mechanisms have been suggested by which PGPB can promote plant growth 
and health. These includes: increasing availability of nutrients such as through 
biological nitrogen fixation, phosphate solubilisation and mineralization; production 
of growth regulators, such as indole, cytokines, or gibberellins, biological control; 















Table 2.3: Examples of studies demonstrating the role of PGPB in metal 
contaminated soil (Zhuang et al., 2007) 
Bacteria Plant Heavy 
metal 



























































































2.10.3 Plant growth promoting factors 
Plant-associated bacteria synthesise phytohormones, chemical messengers that 
affect a plant’s ability to respond to its environment. Phytohormones, such as 
auxins, gibberellins, indole-3-acetic acid (IAA) and, cytokinins influence 
reproduction, growth, germination, and protect plants from biotic and abiotic stress 
(Taghavi et al., 2009). PGPB also control stress through the enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deaminase which promotes growth and 
development by decreasing plant ethylene levels (Glick et al., 2007). Studies have 
shown that plants inoculated with PGPB containing ACC grew well in metal polluted 
soils (Rodriguez et al., 2000; Ma et al., 2011; Zhang et al., 2011a, b). Pseudomonas 
bacteria such as P. fluorescens and P. putida produces auxins and increase plant 
yields (Abbas-Zadeh et al., 2010; Glick et al., 1999). Rhizobia bacteria release IAA 
that promotes growth and pathogenesis in plants (Mandal et al., 2007b). 
 
2.10.4 PGPB as biological control agents 
 PGPB, such as Pseudomonas sp., are potential biocontrol agents protecting plants 
from insects and pests as well as viral and fungal diseases. This is mediated by the 
production of bacterial allelochemicals including detoxification enzymes, lytic 
enzymes, iron-chelating siderophores, antibiotics and biocidal volatiles by the PGPB 
(Compant et al., 2005).  
2.10.5 Production of siderophores by PGPB 
Iron is an essential growth element and therefore limiting when not bioavailable. In 
soil, under aerobic conditions, most iron exists in an insoluble form (Fe3+) which is 
not easily available for plants and microbes (Gadd, 2010; Rout and Sahoo, 2015). To 
meet this iron requirement, PGPB secrete or produce low molecular weight 
compounds known as siderophores which have a high affinity for Fe3+ ions. 
Siderophores aid in the sequestering and transport of iron to the cell (Rodriquez 
and Smith, 2003). PGPB that reside in the rhizosphere soil are well recognised for 




al., 2010). Dimkpa et al. (2009b) reported that siderophores produced by 
Streptomyces tendae F4 enhanced uptake of Cd by sunflower plants.  Braud et al. 
(2009) also reported that the production of Pyoverdin and Pyochelin (siderophores) 
by Pseudomonas aeruginosa increased the concentrations of Cd and Pb in soil 
making them available for maize uptake. In contrast, other studies have 
demonstrated that the production of siderophores by PGPB reduces the uptake of 
metals by plants. For instance, Sinha and Mukherjee (2008) found that inoculation 
with P. aeruginosa strain KUCd 1 reduced Cd uptake in shoots and roots of Brassica 
juncea and Cucurbita pepo. Similarly, Tank and Saraf (2009) reported reduced Ni- 
uptake in chickpea plants but increased plant growth, following inoculation with Ni-
resistant- siderophore- producing Pseudomonas. This conflicting view may be due 
to differences in plant type, metal bioavailability, and plant ability to transport 

















2.11 Conclusion  
Whilst Zn is an essential micronutrient, its phytotoxicity and impact on the entire 
environment is a global concern. Zn in contaminated soil is non-biodegradable and 
thus persists for a long time, but changes in its chemical form and bioavailability are 
possible. Phytoremediation offers a possible low cost method and seems to be 
beneficial in restoring Zn contaminated environments (Adediran et al., 2015). Plants 
are an essential base component of all ecosystems and play a critical role in the fate 
and transport of metal contaminants including NPs through plant uptake and 
bioaccumulation (Monica and Cremonini, 2009). Although information exists in the 
interaction between metals and plants. Limited knowledge about the uptake of 
nanoparticles (NPs), the mechanisms by which they penetrate plants, their 
interactions with soil and toxicity is still hindering their full application (Ma et al., 
2010; Marmiroli et al., 2014). The majority of studies investigating the effects of NPs 
on plants have been conducted in vitro (hydroponics or culture media) and very few 
studies have investigated NPs bioavailability to plants in soil. Thus, there is a need 
to study the uptake, translocation and biotransformation of NPs in the soil 
environment so as to inform associated risk.  
The addition of plant growth promoting bacteria increases Zn bioavailability in soils 
which improves phytoextraction of Zn contaminated soils. The interaction between 
PGPB and toxic metals in soil may alter their physical and chemical state of metals 
which influences plant growth, activity and survival. Despite demonstration of the 
potential of managing plant-microbe-soil interactions to enhance remediation of 
contaminated soils, much still remains unknown. Understanding these interactions 
is needed to assess its potential effect on plant dynamics and thus on the 
effectiveness of phytoremediation. 
 
The next chapter of this thesis explain the experiments specifically designed to 
examine the effects of Zn speciation on roots and shoots of Brassica juncea (L.) 
Czern in Zn contaminated soil that will provide insight into the physiology of Zn 






3 Materials and methods 
 
Data for this thesis were obtained from greenhouse experiments involving plant 
and soil samples. Subsequent laboratory analyses were performed on soil and plant 
samples from these experiments. This chapter focuses on the choice of materials, 
sample preparation, data processing and test procedures with justification of 
methods for each experiment. Specific information on materials and methods for 
each experiment is also highlighted in each results and discussion chapter. 
 
3.1  Research materials 
3.1.1  Selection of metal and metal based nanoparticles 
This study focused on contamination of soil by soluble Zn (in the form of ZnSO4. 
7H2O), and particulate ZnO and ZnS. ZnO nanoparticles have been used in a variety 
of applications including, UV absorbing materials, gas sensors and coating for solar 
cells (Hernandez-Viezcas et al., 2011) and due to concerns about the environmental 
impact of nanoparticles, ZnO NPs have been included for testing by the 
Organisation for Economic Cooperation and Development (OECD) (Kahru and 
Dubourguier, 2010). ZnS has been used as a model nanoparticle in diverse 
applications including light emitting diode (LED), lasers, infrared windows and solar 
cells (Singh et al., 2016; Unmartyotin et al., 2016).  
3.1.2 Selection of desired plants  
Criteria for selecting a plant species for experiments were a plant with known metal 
remediation characteristics and which occurs naturally in the environment and is 
readily available. The plant chosen for this study was Brassica Juncea (L.) Czern, also 
known as Indian mustard and a member of the Brassicaceae family. It is an annual 
plant with a short growing season and has been identified as a hyperaccumulator 
because of its fast growth rate, high metal accumulation and translocation of Zn 




of Brassica juncea were purchased from Sow Seeds Ltd., UK, stored in a clean plastic 
bag and kept in the dark at room temperature (14 -16 o C) until required for use. 
 
3.2  Selection of plant growth promoting bacteria  
Two plant growth-promoting bacteria (PGPB) were selected for this study. Ensuring 
plant growth promotion and root colonisation are the main criteria for selection of 
PGPB for this study.  The selected PGPBs are discussed below. 
• Rhizobium leguminosarum bv. trifolii 
Rhizobium leguminosarum bv. trifolii bacteria are of the genus Rhizobium. These soil 
based bacteria are small, rod shaped bacteria that have the ability to produce 
nodules on the roots of leguminous plants and perform nitrogen fixation. Khan et al. 
(2009) reported that different nitrogen fixers, such as Rhizobium sp. RP5, Rhizobium 
sp. RL9, and, Bradyrhizobium sp. RM8, were tolerant to Ni- Zn mixtures, and Zn. 
Wani et al. (2008) also reported that inoculation of Rhizobium sp RP5 protected pea 
plants against the toxic effects of Zn and Ni. A recent study reported that, 
Rhizobium leguminosarum bv. trifolii colonised plant roots, promoted plant growth 
and enhanced Zn accumulation in a non-leguminous plant (Brassica juncea) 
(Adediran et al., 2015; 2016).  
 
Rhizobium leguminosarum bv. trifolii (strain WSM1325) isolated from the 
rhizosphere of a clover plant (School of Biological Sciences, University of Edinburgh, 
UK) was used in this study. 
 
• Pseudomonas brassicacearum 
Pseudomonas brassicacearum are a group of PGPB which are major root colonisers 
of Brassica plant species (Achouak et al., 2000; 2004), promoting root elongation, 
and increasing root and shoot biomass (Belimov et al., 2001; Safronova et al., 2006; 
Adediran et al., 2015) and which have been shown to be resistant to Zn (Duan et al., 
2013). It has been reported that Pseudomonas brassicacearum was isolated from 





P. brassicacearum subsp. brassicacearum (strain DBK11), obtained as a lyophilisate 
from the German collection of microorganisms and cell cultures (Leibniz Institute, 
DSMZ Germany) with DSM number 13227, was used in this research.  
 
3.3 Sources and preparation of experimental materials 
3.3.1  Zinc forms 
Zinc sulphate (ZnSO4.7H2O) and ZnO nanoparticles were purchased from Sigma 
Aldrich UK (< 100 ml of 50% wt. solution in water, ± 35 nm average nanoparticle size) 
and stored according to the vendor’s instructions. ZnS nanoparticles were 
synthesised in the laboratory using a chemical precipitation method (Ganguly et al., 
2014) as described below. 
 
3.3.2 Preparation and characterization of ZnS nanoparticles 
The chemicals used in the synthesis of ZnS nanoparticles were of analytical grade 
and used without further purification.  
ZnS nanoparticles were made from 1 M aqueous solution of Na2S and 1 M aqueous 
solution of ZnCl2 and the addition of 0.01 M Tris-buffer. Na2S solution was added 
dropwise to ZnCl2 solution, whilst stirring the mixture continuously with a magnetic 
stirrer until a milky white precipitate of ZnS was formed (Equation 3.1).  
 
ZnCl2 + Na2S    →    ZnS + 2 NaCl                                                                  (Equation 3.1). 
 
The precipitate was allowed to settle, centrifuged at 3000 g (Sharma, 2012), washed 
four times with deionised water and freeze dried. The fine powder samples 
obtained were characterised by several methods as described below. 
(i) The mineralogy and crystal structure of the ZnS nanoparticles was 
examined using X-ray diffraction (XRD). 0.1 g of dry powdered ZnS 
sample was measured on a Bruker D2 PHASER diffractometer fitted with 
a LynxEye detector and operating in a flat plate mode using Ni -filtered 
Cu K-alpha radiation (λ= 1.54060 Ǻ) (start: 5 degrees; end: 90 degrees; 












                              (Equation 3.2) 
 
where D is the mean diameter of the crystallite (nm), k is a constant related to the               
dimensionless shape (0.94), λ is the X-ray wavelength (Å), β is the full width at half 
the maximum intensity (radians, r) and θ is the corresponding diffraction angle (o). 
 
(iii) Microstructural investigation was carried by transmission electron 
microscopy (TEM). A 2 μL drop of ZnS nanoparticles suspension were 
allowed to dry slowly on a carbon -coated copper grid and viewed in a 
Philips CM120 Transmission electron microscope operated at 200 kV.  
Images were taken on a Gatan Orius CCD camera. 
 
3.4 Soil selection and characterisation for growth experiments 
Soil amended with peat has been reported to influence metal speciation by 
modifying metal mobility and availability due to a high organic matter content (Al- 
Chami et al., 2013). Organic matter can also influence sulfur speciation and, since 
ZnS was one of the Zn forms used in the study, soils containing peat were avoided. 
Instead, topsoil (made up of clay, silt and sand) without peat amendment was used 
as a natural soil that contains all nutrients suitable for plant growth. Topsoil 
encourages rooting, airflow and drainage and is also a representative of field 
conditions.  
Westland topsoil was purchased from Dobbies Garden Centre, Edinburgh, UK. The 




3.4.1  Preparation of soil samples for characterisation 
Soil samples were prepared for determination of physical and chemical properties 
by first air drying at approximately 30oC for a minimum of 48 hours. The air dried 
soil was then crushed, and passed through a 2 mm stainless steel sieve to 
disaggregate clumps and remove coarse debris present.  
3.4.2 Determination of soil pH 
Soil pH was determined by preparing a 1:2 soil: water suspension by weight in 
which 10 g of sieved air dried soil was weighed into a 50 ml beaker and 20 ml of 
distilled water was added. The mixture was stirred and shaken for 10 minutes, 
allowed to stand for another 15 minutes to enable particles to settle. The pH meter 
was calibrated using buffer solutions at pH 7.0 and 4.0 before the electrode was 
immersed in the slurry to record a stable pH reading. Soil pH measurement were 
conducted on three replicate samples. 
3.4.3 Determination of soil moisture content 
20 g of fresh soil was weighed in triplicate into a weighed evaporating basin. The 
sample was placed in an air-circulating oven at 105 oC overnight. The basin was 
removed and cooled in a dessicator and reweighed. Percentage soil moisture 
content was calculated from loss in weight as shown below. 
 
% soil moisture = 
   𝑙𝑜𝑠𝑠 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑛 𝑑𝑟𝑦𝑖𝑛𝑔(𝑔) × 100
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
                  (Equation 3.3) 
    
3.4.4 Determination of soil organic matter content by loss of ignition 
Ignition of soil at high temperature will result in a loss of weight due to loss of 
organic matter. 5 g of oven dried soil was weighed in triplicate into a weighed dry 
crucible and placed in a muffle furnace at 450oC for four hours. The sample was 
transferred to a desiccator to cool to room temperature and weighed. The % 
organic matter by loss on ignition (LOI) was calculated by: 





𝑜𝑣𝑒𝑛 − 𝑑𝑟𝑖𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) − 𝑓𝑢𝑟𝑛𝑎𝑐𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝑜𝑣𝑒𝑛 − 𝑑𝑟𝑖𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 × 100               (Equation 3.4) 
 
3.4.5 Determination of soil total organic nitrogen content 
Total organic nitrogen in the soil was determined by using a wet method as 
proposed by Kjeldahl (1883). 1 g of finely ground soil was weighed and transferred 
to a 250 ml glass Pyrex flask and placed in a Buchi digest system (K-437). Three 
replicate samples and two blanks (without soil) were prepared. 20 ml of 
concentrated sulphuric acid was added and the suspension heated for at 370oC at 3 
h. The sample was cooled and filtered with Whatman No. 44 filter paper and diluted 
to the 50 ml with deionised water. Nitrogen concentration was determined 
colorimetrically using a Bran- Luebbe auto analyser series 3 and measuring 
absorption at 660 nm. 
  
3.4.6 Determination of soil available phosphorus and potassium 
5 g air-dried soil was weighed into a 150 ml Erlenmeyer flask. Four replicate samples 
and two blanks (without soil) were prepared. 100 ml of 2.5 % acetic acid was added 
and the samples were shaken in an orbital shaker for 2 h. The sample was filtered 
through Whatman No. 54 filter paper, discarding first few ml of the filtrate. Orth-
ophosphate in the filtered extract was determined colorimetrically using a Bran –
Luebbe auto analyzer series 3 and measuring at 660 nm for phosphorus. 
 
The same and the extract was analysed by atomic absorption spectrophotometry at 
766.5 nm (Thermo ICE 3000 series) for soil available potassium. 
3.4.7   Determination of total soil zinc, sodium, iron, calcium, magnesium, 
manganese 
These elements are chemically analysed from soil to determine their available 
content within the soil sample. 0.2 g of dry soil was weighed into crucibles, and 
placed in a muffle furnace at 500 oC for 3 hrs. Three replicate samples and two 
blanks (without soil) were prepared. 5 ml of 37 % HCl (concentrated) was added to 




mins. 1 ml of 30% HNO3 (concentrated) was added and allowed to evaporate to 
dryness. 2 ml of 6M HCl was added and the crucible swirled to dissolve the residue. 
Then 10 ml of deionised water was added and the crucible warmed gently. Extracts 
were filtered using Whatman No. 44 filter paper into volumetric flasks and made up 
to 50 ml and analysed in an atomic absorption spectrophotometer (Thermo ICE 
3000 series) to determine concentrations of Zn, Na, Fe, Ca, Mg, Mn using calibration 
standards.  
 
3.5 Bacterial zinc resistance tests      
The degree to which soluble Zn, ZnS and ZnO nanoparticles are toxic to the PGPB 
used in this study (Pseudomonas brassicacerum and Rhizobium trifolii) was 
established by conducting dose-response growth experiments in medium and dose-
response viability experiments (using colony forming units, CFU) following 
incubation in (a) minimal medium and (b) Hoagland solution. The rationale behind 
this approach was to use minimal medium and reduce bacterial growth rate, which 
is known to increase resistance.  CFU experiments involved exposing the bacteria to 
Zn concentrations ranging from 0 (controls) to 800 mg L-1 in each medium for 
different periods (up to 3 days), performing serial dilutions and plating the diluted 
culture on agar plates. 
 
3.5.1 Isolation of bacteria and resistance testing 
Nutrient medium 
A single colony of Rhizobium trifoli and P. brassicacearum was isolated by streaking 
a sterile inoculation loop from a primary active culture. The agar plate was 
incubated at 30oC for four days. After four days, a single isolated colony of 
Rhizobium trifolii and P. brassicacearum was picked off using the sterilized loop and 
transferred into 100 ml of sterile nutrient broth (containing 1 g meat extract, 2 g 
yeast extract, 5 g peptone, 5 g NaCl, pH 7.4 at 37oC purchased from Aldrich) and 





250 ml Erlenmeyer flasks, each containing 100 ml of nutrient media were 
autoclaved, cooled, and amended with different concentrations (100, 200, 400, 600 
and 800 mg Zn L-1) of soluble ZnSO4, and nanoparticles of ZnS and ZnO which were 
inoculated separately with the 48 h- old inocula prepared as explained above. 
Controls were made with media and inocula without added Zn.  
  
Determination of growth  
Growth was determined turbidimetrically by measuring the optical density of the 
experimental mixtures at 600 nm from 0 hour to 54 hours. The absorbance from 
controls (the media and inocula without the added Zn) was subtracted from the 
experimental value. 
Growth was also determined by the dilution plate count method. All samples were 
incubated and shaken on the rotary shaker at room temperature (25o to 28oC) for 
24 h. 1 ml of the solution was seven fold diluted with sterilized deionised water. 1 
ml of the solution at 10-3 to 10-5 dilution from different concentrations (100 -800 mg 
L-1) of ZnSO4, ZnS and ZnO nanoparticles was applied uniformly on the surface of 
agar plates and incubated at 28o C. Each plate was examined after 24- 48 h 
incubation. The lowest concentration of the study contaminant that inhibited 
growth was designated as the minimum inhibitory concentration. All the 
experiments were carried out in triplicate. 
 
Plates that had between 30 and 300 colonies were counted and the viable cell 
count was calculated as follows:  
 
Viable cell count (CFU/ml) = 
  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
𝑠𝑝𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)





3.5.2 Hoagland solution 
Bacteria resistance to Zn species in Hoagland solution was also investigated as 
future experiments with plants may be conducted hydroponically using Hoagland 
solution. 
Isolation of the study bacteria and resistance testing followed the same method and 
procedures as described above. Hoagland solution prepared in the laboratory 
contained 1 ml of 1 M NH4H2PO4, 6 ml of 1 M KNO3, 4 ml of 1 M Ca (NO3), 2 ml of 1 
M MgSO4, 1 ml of iron stock (Fe EDTA), and 1 ml mixture of 0.22 g ZnSO4, 0.02 g 
H2MoO4, 0.08 g CuSO4, 1.81 g MnCl2, and 2.86 g H3BO3 (Hoagland and Arnon, 1950). 
Controls were Hoagland solution and inoculum without added Zn. Bacterial growth 
was assessed using the same methods as for the experiments with nutrient medium. 
Growth was determined turbidimetrically by measuring the optical density at 600 
nm and colony forming units (CFU) were determined by the dilution plate count 
method. 
 
3.6 Surface sterilisation of seeds 
Sodium hypochlorite is the best choice for surface sterilisation (Barney, 2003) to 
eliminate contamination of microorganisms from seeds. Closed packets of Brassica 
juncea seeds were opened and allowed to equilibrate for 24 h at room temperature. 
Seeds were then rinsed for 5 mins in 5% NaClO, before rinsing thoroughly with 
sterile water and air drying in sterile cabinet. 
 
3.6.1 Bacterial inoculation 
Seed imbibement and soil inoculation have been frequently used for delivery, 
transport and distribution of bacteria (Huang et al., 2004; Germaine et al., 2009; 
Yousaf et al., 2010). The inoculation of seeds with plant growth promoting bacteria 
(PGPB) is known to increase plant growth (Verma et al., 2010; Adediran et al., 2015; 
2016).  
 
In this study, a seed inoculation method was used. A single colony of Psuedomonas 




nutrient broth and placed on a shaker at 30oC for 48 h. After the cultures reached 
an optical density at 600 nm ~1 (M501 Single Beam Scanning UV/ visible 
spectrophotometer), which corresponded to 109 CFU ml-1, cells were collected by 
centrifugation at 3,000 g for 20 min at 4oC, washed with sterile water and re-
suspended in sterile deionised water to a final concentration of 108 CFU ml-1.  
 
Sterilised seeds (as prepared above) were soaked in the bacteria suspension for 4 h 
and left standing in the laminar fume hood. Seeds for the control (without bacteria) 
treatment were also soaked in sterilised deionised water and maintained in the 
fume hood for 4 h. 
 
3.7 Greenhouse pot experiments  
The pot experiments were conducted in the greenhouse at the School of Biological 
Sciences, University of Edinburgh, in order to grow plants in regulated conditions 
such as light, ventilation, workspace availability, and temperature amongst others.  
Pot experiments were conducted to assess the phytoextraction potential of Brassica 
juncea (L.) Czern and to assess its growth when elevated Zn concentrations are 
added to soil in the form of soluble Zn or as nanoparticulate ZnS and ZnO. 
Additional experiments assessed the effect of PGPB, Rhizobium trifolii and 
Pseudomonas brassicacearum on a number of plant growth and physiological 
parameters. Toxicity was evaluated by measuring (i) plant height, (ii) leaf count/size, 
(iii) dry biomass, and (iv) other observations such as leaf chlorosis, necrosis, drying 
and senescence.  The general set-up of all pot experiments is described below and 
any specific details are explained in the later results and discussion chapters.  
3.7.1 Experimental design 
The experimental design varied in different chapters but mainly contained three 
different Zn treatments (Table 3.1) and controls in which Brassica juncea were 







Table 3.1 Description of pot experiment design 
Code Treatment 
Control Control without Zn treatment 
ZnSO4 Brassica juncea  grown on ZnSO4 soil 
ZnS nanoparticles Brassica juncea  grown on ZnS nanoparticles 
soil 
ZnO nanoparticles Brassica juncea  grown on ZnO nanoparticles 
soil 
  
B1 control Rhizobium leguminosarum control without Zn 
treatment 
B1 ZnSO4 Rhizobium leguminosarum + Brassica juncea  
grown on ZnSO4  soil 
B1 ZnS nanoparticles Rhizobium leguminosarum + Brassica juncea  
grown on ZnS NPs  soil 
B1 ZnO nanoparticles Rhizobium leguminosarum + Brassica juncea  
grown on ZnO NPs soil 
  
B2 control Pseudomonas brassicacearum control without 
Zn treatment 
B2 ZnSO4 Pseudomonas brassicacearum + Brassica juncea  
grown on ZnSO4  soil 
B2 ZnS nanoparticles Pseudomonas brassicacearum + Brassica juncea  
grown on ZnS NPs  soil 
B2 ZnO nanoparticles Pseudomonas brassicacearum + Brassica juncea  
grown on ZnO NPs soil 
  
sControl Control  soil no Zn treatment 




sZnS nanoparticles Soil treated with ZnS NPs 
sZnO nanoparticles  Soil treated with ZnO NPs 
 
Each Zn treatment was replicated (three times) and the replicates were randomly 
distributed in the greenhouse (Figure 3.1). 
 
 
Figure 3.1: Arrangement of pots spiked with 600 mg Zn kg-1 (soluble ZnSO4, ZnS 
and ZnO nanoparticles), unspiked and control pots on a table in the greenhouse. 
 
Following dose-response studies of Rhizobium trifolii and Pseudomonas 
brassicacearum on Zn species, one concentration of Zn (600 mg Zn kg-1) was 
selected and used for pot experiments. The concentration selected was based on 
the Zn concentration that does not affect the viable bacteria count.  
 
The air dried soil was weighed and amended with 600 mg Zn kg-1 of ZnSO4, ZnS and 
ZnO nanoparticles in solid form. The spiked soil sample was mixed by hand for 1 hr 
to produce a homogenous mixture. 1 kg of spiked (Zn, ZnO and ZnS) or un-spiked 
soil (control) was placed in each 2.15 L pots. Pots were either planted or unplanted 
(pots containing spiked and unspiked soil without plants). The pots were placed in 
individual trays to capture drained leachate throughout the experiment and were 
left to equilibrate for a week in the greenhouse (Figure 3.1). Eight seeds were sown 
into both spiked and unspiked planted pots.  Emergent seedlings were thinned out 
to a desired population density (3 plants per pot) at 12 days after planting. Pots 




experiment was conducted in a greenhouse set to provide a day/night temperature 
of 21 °C in a 18 h photoperiod at a photosynthetic photon flux density (PPFD) of 150 
µmol m–2 s–1 provided by cool white fluorescent bulbs. 
 
The growth parameters of Brassica juncea (L.) Czern were measured at different 
growing stages starting from seedlings. Plant height, from the soil surface to the tip 
of the longest shoot, was measured once a week on each replicate and for each 
treatment. The planted pots were harvested after 6 weeks of seed planting. 
  
The unplanted pots also stood in the greenhouse to observe non-plant effects on 
soil Zn from 0 to 6 weeks.  
 
3.7.2  Plant and soil sampling and analysis 
All plants grown in both Zn spiked and unspiked soils were harvested after 6 weeks 
of growth. Shoots were cut 2 cm above the soil surface and washed with running 
tap water. Pots were emptied and roots were separated and washed in tap water to 
remove soil particles stuck on the root surface. The harvested plant material (roots 
and shoots) were dried in an oven to constant weight at 65oC for 72 h. After cooling, 
dried samples were weighed to determine dry biomass. Dried samples were finely 
ground using a pestle and mortar and stored in polyethylene tubes prior to analysis.  
 
Soil samples from different soil zones (bulk soil and rhizosphere) were homogenised 
separately before pH and total metal content analysis. 
 
Dry-ash digestion of soil for total metal content 
The dry ash method (Allen et al., 1974) was used for soil digestion. 5 g oven dried 
soil was weighed into weighed acid - washed crucibles and placed in a muffle 
furnace at 450o C for 10 h. Soil samples were cooled in a dessicator and reweighed. 
0.5 g of ashed material was weighed into crucibles, 5 ml concentrated HCl was 
added and covered with a watch glass and heated on a steam bath for 15 mins. 0.5 




of HCl was added, swirled gradually to dissolve residue, and then diluted to 10 ml 
with deionised water and allowed to warm for 20 mins. The resulting digest was 
filtered through whatman No 44 filter paper and made up to 50 ml with deionised 
water. Blanks were prepared in the same way. The resulting digests were stored at 
4oC until analysis by ICP-OES (described in more detail in section 3.8). 
 
Wet digestion for plant total Zn metal content 
The wet digestion method (Allen et al., 1974) was used to prepare plant material for 
total metal content determination. 0.100g of finely ground, oven dried plant 
material was weighed into a Pyrex test tube. 2 ml concentrated H2SO4 was added 
and shaken to disperse the contents. 2 aliquots of 0.75 ml H2O2- 30% was added in a 
fume cupboard, properly mixed and allowed to stand. Test tubes were placed in a 
heating block (Grant BT5D) and heated to 320oC for 6 h. The cooled clear solution 
was transferred to a 50 ml volumetric flask with washing and made up to 50 ml with 
deionised water. Blank digests were prepared in the same way and all samples and 
blanks were prepared in duplicate. The resulting digest were stored at 4oC until 
analysis for Zn concentration by inductively coupled plasma – optical emission 
spectroscopy (Perkin Elmer Optima 5300 DV ICP-OES). Blanks were deducted from 
the analytical results. Both results were reported as the mean of two sub samples of 
each material. 
 
3.7.3 Determination of phytoextraction and hyperaccumulation potential 
of Brassica juncea (L.) Czern  
 
The resulting Zn concentrations from plant and soil analysis were used to evaluate 
Zn phytoextraction by Brassica juncea (L.) Czern.  The following parameters were 
considered: bioaccumulation factor, translocation factor, tolerance index and 
phytoextraction efficiency, which are explained below. 
Bioaccumulation factor (BAF) is the ratio of the concentration of metal in the plant 
tissue (root and shoot) to the initial metal concentration in soil (Zayed et al., 1998; 





𝐵𝐶𝐹 =  𝐶 𝑝𝑙𝑎𝑛𝑡 / 𝐶 𝑠𝑜𝑖𝑙                                                          (Equation 3.6) 
 
 This coefficient is effective in evaluating the metal accumulation by plants. 
 
Translocation factor (TF) is used in evaluating the ability of plants to transfer metals 
to their aerial parts. TF is the ratio of the metal concentration in the shoot to the 
metal concentration in the root (Chopin et al., 2008; Sun et al., 2009; Ma et al., 
2015). 
 
              𝑇𝐹 =  𝐶 𝑠ℎ𝑜𝑜𝑡 / 𝐶 𝑟𝑜𝑜𝑡                                                                (Equation 3.7)   
 
Tolerance index (TI) was also quantified (Yadev et al., 2009) as, 
 
𝑀𝑒𝑎𝑛 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑡 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑜𝑛 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡 𝑠𝑜𝑖𝑙 × 100 
𝑀𝑒𝑎𝑛 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑡 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑚𝑒𝑡𝑎𝑙 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
     (Equation 3.8) 
 
 
Phytoextraction efficiency (PE) is defined as the ratio of an element accumulation in 





   × 100                                                      (Equation 3.9)  
 
Where Mshoot is the metal concentration in shoots of the plants (mg kg-1), Wshoot is 
the plant dry above ground biomass (g), Msoil is the initial metal content in soil (mg 
kg-1) and Wsoil is the amount of soil in the pot (g). The PE values reflect the amount 
of a metal remediation by plant shoots from soil (Sun et al., 2011; Mani et al., 2015). 
 
3.7.4 Estimation of chlorophyll content in the plant leaves 
Chlorophyll is a photosynthetic pigment and measuring chlorophyll content is 




Jiang et al., 2014; Cortazar et al., 2015). To examine if the Zn contaminated soil 
induced alterations in the photosynthetic pigments of Brassica juncea (L.) Czern, 
leaf chlorophyll content was determined according to the method of Arnon (1949). 
After plant harvest 0.5 g of fresh Brassica juncea leaves was weighed and torn into 
pieces. Torn leaves were ground and homogenised in a vortex for 30 s. Chlorophyll 
content was extracted in 2 ml of 80% acetone. The extract was transferred to 
centrifuge tubes and stored at 4°C in the dark for 24 h and then centrifuged at 3000 
g for 15 min. Chlorophyll content was determined through spectrophotometric 
measurement at 663 and 645 nm (A663 and A645, respectively) (Arnon, 1949; Nadler 
et al; 1972; Maitra et al., 2015; Tanwir et al., 2015). The total chlorophyll content 
was obtained by the addition of chlorophyll a and b values (Arnon, 1949; Chaurasia 
et al., 2013). Chlorophyll content was expressed as mg g-1 fresh weight, calculated 
as follows: 
 
𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 = 12.7 (𝐴663) − 2.69 (𝐴645)                              (Equation 3.10)   
 
𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑏 = 22.9 (𝐴645) − 4.68 (𝐴663)                               (Equation 3.11) 
 
 
Total chlorophyll (mg g-1 FW) = 
 
 (20.2(𝐴645) + 8.02 (𝐴663)) × 𝑉 ÷ 1000 × 𝑊                         (Equation 3.12) 
 
Where W= weight of fresh plant (g) and                                                                                            
 V= volume of extract in ml  
 
3.7.5 Transmission electron microscopy to map Zn distribution in plant 
root samples 
Transmission electron microscopy (TEM) has been used to ascertain metal 
accumulation in plants (Chen et al., 2007; Wilson and Bacic, 2012; Guzman et al., 




the roots of Brassica juncea plants. TEM is an important tool for studying plant 
structures. It operates on the same basic principle as the light microscope but uses 
focused electron beams as an illumination source and shorter wavelength that 
produces a resolution approximately a thousand times better than a light 
microscope (Fowke, 1995). Due its properties, the electron beam penetrates thin 
slices of plant material and permits the study of internal features of cells and 
organelles. 
 
A transmission electron microscope fires a beam of electrons through a specimen to 
create a magnified image of an object. An electron gun at the top of a TEM emits 
electrons that travel through the microscope’s vacuum tube. Instead of glass lenses 
focusing the light (as in the case of light microscope), the TEM uses electromagnetic 
lenses to focus the electrons into a very fine thin beam (Fultz and Howe, 2012). This 
thin beam then passes through the study specimen, and the image becomes visible 
when the electrons either scatter or hit a fluorescent screen at the bottom of the 
microscope (Reimer, 2013). This image can be viewed and studied directly (through 






Figure 3.2: Philips CM120 transmission electron microscope used in the study.1: 
Electron cannon in the upper part of column. 2: Electromagnetic lenses to direct 
and focus the electron beam inside the column. 3: Opening for inserting samples. 
4: Vacuum pump system. 5: Operation panel. 6: Image display. 7: Air conditioner 
for cooling the instrument. 8: Sample holder. 
 
 
TEM Sample preparation and analysis  
Roots of Brassica juncea (L.) Czern from different Zn treatments (Figure 3.3) were 
fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3, for 2 h then 
washed in three 10 minute changes of 0.1 M sodium cacodylate.  Specimens were 
then post-fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate for 45 minutes, 
then washed in three 10 minute changes of 0.1 M sodium cacodylate buffer.  These 




for 10 minutes each, then for a further two 10-minute changes in Analar acetone. 
Samples were then embedded in agar 100 resin.  Sections 1 µm thick were cut on a 
Reichert OMU4 ultramicrotome, (Leica Microsystems (UK) Ltd, Milton Keynes), 
stained with toluidine blue, and viewed in a light microscope to select suitable areas 
for investigation.  Ultrathin sections, 60 nm thick were cut from selected areas, 
stained in uranyl acetate and lead citrate, then viewed in a Philips CM120 
transmission electron microscope (University of Edinburgh, UK).  Images were taken 
on a Gatan Orius CCD camera.  
  
Figure 3.3: TEM micrographs of (2 and 5 µm) magnifications image of Brassica 
juncea (L.) roots exposed to 600 mg Zn kg-1 ZnSO4. 
 
 
3.8  Inductively coupled plasma-optical emission spectrometry (ICP-OES)  
Elemental concentrations were determined in the plant and soil samples using 
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). ICP-OES has 
emerged as useful technique for trace metal analysis of soil owing to its high 
detection power, low sample consumption and multielement capability. ICP-OES 
works on the principle that when atoms and ions are excited, light is emitted. The 
wavelength and intensity of the light reflects the elements present in the sample 
(Moore, 1989). In using the ICP-OES, the solution to analyse is aspirated by a 




where it is transformed into an aerosol. The aerosol produced is directly led into a 
very hot (100000 K) radio frequency argon plasma by strong magnetic field. The 
elements in the samples become excited and the electrons emit energy at a 
characteristic wavelength as they return to ground state. The emitted light is then 
measured by optical spectrometry. The main disadvantage of ICP-OES is that the 
solid sample is required to be in solution prior to the determination of metal 
content (Sastre et al., 2002). 
A Perkin Elmer Optima 5300 DV ICP Emission Spectrometer at the University of 
Edinburgh, UK was used for the ICP-OES analyses. The operating conditions and 
wavelengths are listed in Tables 3.2. and 3.3. 
 
Table 3.2 Instrumental parameters for trace element determination. 
Nebulizer gas flow rate 0.75 dm3 min-1 
Auxillary gas flow 0.2 dm3 min -1 
Plasma gas flow 15 dm3 min -1 
Auto sampler 1.5 cm3 min -1 
ICP RF power 1400 W 
Wavelength range 160 -782 nm 
Spray chamber type Scotts Spray Chamber 
Plasma viewing  Axial / radial 
Rinse delay 30 s 














Table 3.3: Wavelengths used for the analysis of individual analytes  
 
 
Multi-element calibration standards (0 to 1000 ppb of Ca, Fe, K, Mg, Mn, Na, P, S 
and Zn) were mixed from single element stock standard solutions. All calibration 
standards were prepared in a matrix of 2 % v/v HNO3. The calibration standards 
required an R2 value of at least 0.9999 in order to present a satisfactory calibration 
curve. Quality control blank checks and external calibration verification checks were 
run regularly throughout the analysis. An external standard (Merck ICP Multi 
element standard solution VI CertiPUR®) was analysed at different dilutions as a 
cross reference for the calibration graphs. Data acquisition and analysis was 
completed using Perkin Elmer WinLab TM ICP operating software (Perkin Elmer, 
1997).  
To determine total element concentrations in soil and plant samples in mg kg-1, the 
ICP-OES concentration results in mg L-1 were corrected for the dry weight of sample 
and volume used in the extraction procedure. Blanks from the same extraction 
procedure were also analysed and mean values subtracted from the analytical 
result. 
 
Analyte Wavelength (nm) 




Mn  259.372 
Na 589.6 
P 178.223 
S  180.671 




Precision of analysis can be expressed by the relative standard deviation (RSD) or 
percent relative standard deviation, calculated from the mean of replicated samples 
(Chen and Ma, 2001) as; 
Precision (%) =  
                  [(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑎𝑛𝑠) ÷ 𝑚𝑒𝑎𝑛𝑠] × 100         (Equation 3.13) 
 
3.9  Soil pore water extraction and analysis 
The concentration and speciation of metals in soil pore water may provide more 
useful information on metal bioavailability and toxicity than total soil concentration 
(Hani, 1996; Percival, 2003; Prokop et al., 2003; Shan et al., 2003). The soil pore 
water composition represents the natural medium for plant growth and allows the 
prediction of plant responses to metal in the soil environment (Di Bonito et al., 
2008). Centrifugation has been widely applied to extract pore waters from various 
materials including sediments, chalks, sandstones and clayey soils (Shaffer et al., 
1937; Richards and Weaver, 1944). Centrifugation of soil pore water is used to 
fractionate pore water by selecting centrifugation rates (relative centrifugal force 
(RCF) value and centrifugal speed). Increasing the centrifugal speed and therefore 
the relative centrifugal force during soil centrifugation, release less available water 
(Tyler, 2000). 
 
Soil pore waters were extracted by centrifugation (Krishnamurti et al., 2013; Ma et 
al., 2013) of 150 g of Zn spiked soil (ZnSO4, ZnS and ZnO nanoparticles) at the start 
of experiment (0 week) and at 6 weeks. Soil samples from the 600 mg Zn kg -1 
unplanted pots (two duplicates from each treatment) were placed in a centrifuge 
tube. Centrifugation was performed using a SorvallTM RC 6 plus centrifuge (Thermo 
scientific) at 12,000 g for 1 h at 4o C and the sample further passed through 45-µm 






3.10 X-Ray Absorption Spectroscopy (XAS) studies on soil and plant roots 
X-ray absorption fine structure (XAFS) was used in this study to investigate the 
distribution and forms of Zn in plants and soil. This method uses X-rays to provide 
information on the co-ordination environment of the element of interest. The basic 
principle of XAFS arises from the excitation of a core level electron of the absorbing 
atom using x-rays of sufficient energy. The XAFS spectrum of an element in a sample 
is generated using an intense synchrotron X-ray source with a broad continuous 
range of energies. In the synchrotron, electrons are accelerated and directed into 
storage rings which has auxiliary components like bending magnets and insertion 
devices (undulators or wrigglers) needed to convert high energy electrons to light 
(Calas et al., 1987; Brown et al., 1998; Brown and Sturchio, 2002). XAS uses two 
energy regions to examine various coordination properties of the element of 
interest. The energy region from 30 eV to 800 eV above the edge is known as the 
EXAFS (extended x-rays absorption fine structure) and from below 30 eV below to 
100 eV above the absorption edge it is known as the XANES (x-ray absorption near 
edge structure) (Durham 1988). XAS measures the energy dependence of the X-ray 
absorption co-efficient µ (E) at and above the absorption edge of a selected 
element.  X-ray absorption can be measured in two ways: 
Transmission: the absorption is measured directly by measuring what is transmitted 
through the sample: µ(E)x = log (I0 / It) 
 
Fluorescence: the electron emitted is measured as:   µ(E)x ~ If /I0 
 
Where I0 is the X-ray intensity hitting the material, It is the intensity transmitted 
through the material, x is the thickness of the material or absorber and If is the 
monitored intensity of a fluorescence line (electron emission) associated with the 
absorption process. 
 
Beamlines I18 and B18 at the Diamond Light Source UK were used in this research 
for Zn speciation in soil and plants samples. The different beamlines were used 
depending on the type of data required (e.g. I18 was used for mapping of Zn 




beamline at the Diamond Light Source, UK are described by Mosselmans et al. (2009) 






Figure 3.4: A schematic view of the principal optical elements of the beamline I18. 
Photons from the storage rings are delivered via the monochromator and a slit 
system to the samples. Figure from Mosselmans et al. (2009). 
 
3.10.1 X-ray absorption spectroscopy (XAS) on beamline I18  
A separate pot experiment was conducted for X-ray absorption spectroscopy 
analysis. The same method described already for growth experiments was followed, 
which also provided replicate plant growth data. However, due to the long time 
required to analyse each sample on beamline I18 and in order to increase the X-ray 
signal only 600 mg Zn kg-1 plant samples were analysed. Live plants were 
transported for mapping and X-ray absorption spectroscopy (XAS), XANES and 







After harvest, fresh roots and stems of Brassica juncea plants grown in soil treated 
with 600 mg Zn kg-1 of ZnSO4, ZnO and ZnS nanoparticles were washed thoroughly 
with deionised water to remove any surface contaminants. Roots and stems were 
cut with a scalpel and embedded in Meta-mix for eight hours. The solidified root 
and stem samples were axially sectioned (30 μm) using a Reichert Ultracut 
microtome. The sample was placed on a sapphire disc, covered with kapton tape 
and loaded into an aluminium sample holder, which was cryofixed with liquid 
nitrogen and inclined at an angle of 45o to the incident beam (Figure 3.5). 
 
Zinc distribution in roots and stems were mapped with incident energy of 10.5 kev. 
The energy was scanned through the absorption edge of Zn (9630 – 9850 eV) and 
was calibrated by recording the absorption edge of Zn foil. The X-ray absorption 
spectrum was collected in fluorescence mode on the microfocus beamline I18 using 
a nine- element ORTEC germanium solid state detector. The detector was placed in 
the horizontal plane at right angles to the beam axis in order to reduce detection of 
elastically scattered photons. XAFS mapping was performed at 0.5 x 0.5 mm with 2 
µm resolution. After the X, Y scan was done several hot-spots were identified. XAFS 
data were collected at the Zn K-edge from regions of high Zn content. Depending on 
Zn concentration, 5- 20 scans of 30 minutes each were recorded and averaged at 
each spot analysed. These high Zn regions were selected for collection of µ-XANES 
spectra.  
 
Zn K-edge µ-XANES spectra were also collected under similar beam conditions for 
selected Zn model compounds (Terazan et al., 2008). Model compounds were 






                                                    Figure 3.5:  Beamline I18. 
 
For this study, the following samples were analysed as seen in Table 3.4. 
 
Table 3.4:   Experimental samples analysed by XAFS on beamline I18 




ZnSO4 2 1 1 
ZnO 2 1 1 
ZnS 2 1 1 
 
Due to the allotted short beam time, this study focused more on the roots as roots 
are the main plant organ with an enormous surface area that absorbs and 
accumulates contaminants and interacts with soil bacteria (Fitters, 1987; Zhou et al., 
2013) rather than shoots. 
3.10.2  X-ray absorption spectroscopy (XAS) on beamline B18  
A separate pot experiment was also conducted for X-ray absorption spectroscopy 
focussing on Zn speciation in different soil fractions. Changes in Zn speciation 
between bulk soil, root-plant interface soil (the rhizosphere) and root tissue of 





promoting bacteria) was examined using Beamline B18 at the Diamond Light Source, 
Didcot, UK.  
Duplicate samples from roots, bulk and rhizosphere soil were freeze dried prior to 
XAS analysis. ~40 mg bulk and rhizosphere soil from 600 mg Zn kg-1 soil treated with 
ZnSO4 and ZnS nanoparticles were finely ground and mixed with 150 mg cellulose 
into pellets of ~ 1mm thickness under a pressure of 2 tonnes to optimise the 
effective edge- step of the XAFS data. Freeze dried plant roots were also finely 
ground. Root samples were placed on a sapphire disc, covered with kapton tape 
and loaded into a Perspex sample holder, inclined at an angle of 45o to the incident 
beam which was cryofixed with liquid nitrogen. Beamline B18 was operating in 
qexafs mode setup with a fast scanning Si (111) double crystal monochromator 
which was calibrated using Zn foil edge. Data was collected in fluorescence mode 
using a 36- element Ge solid state detector. On average 10 scans (5 mins) were 
acquired to improve the signal to noise ratio.  
 
XAS standards were also finely ground and ~15 mg mixed with 150 mg cellulose into 
pellets to optimise the effective edge-step of the absorption edge. XAS data for Zn 
citrate, Zn carbonate, Zn acetate and Zn sulphate standards were also collected at 
the Zn edges in transmission mode with the ion chamber filled with inert gas to 
optimize sensitivity. XAS data for the remaining Zn model compounds were 
collected in fluorescence mode. Data were also recorded simultaneously from a 
reference Zn foil in a third chamber. For this study, the following samples were 













Table 3.5: Experimental samples analysed by XAFS on beamline B18 
Plant samples Roots Rhizosoil Bulk soil 
ZnSO4 2 with Rhizobium 
leguminosarum + 1 
without bacteria 
2 with Rhizobium 
leguminosarum + 1 
without bacteria 




ZnS nanoparticles 2 with Rhizobium 
leguminosarum + 1 
without bacteria 
2 with Rhizobium 
leguminosarum + 1 
without bacteria 





3.10.3 Synthesis of Zn reference compounds  
The reference compounds shown in Table 3.6 were freshly prepared following 
standard protocols designed for XAS analysis (Terazno et al., 2008). 7 mM of Zn 
nitrate solution was mixed with a solution of each organic compound (70 mM 
oxalate, phytic acid, histidine, cysteine, phosphate, polygalacturonate, formate). 
The pH of the reference solutions was adjusted to 7 by adding 1M NaOH.  
 




Zn oxalate  
 
7.0 mM  Zn(NO3)2 + 70 mM sodium oxalate, pH 7.0 
Zn phosphate 7.0 mM  Zn(NO3)2 + 70 mM sodium phosphate, pH 7.0 
Zn histidine 7.0 mM  Zn(NO3)2 + 80 mM Histidine, pH 7.0 
Zn cysteine 7.0 mM  Zn(NO3)2 + 70 mM cysteine, pH 7.0 
Zn phytate 7.0 mM  Zn(NO3)2 + 70 mM phytic acid solution, pH 7.0 
Zn polygalacturonate 7.0 mM  Zn(NO3)2 + 70 mM polygalacturonic acid solution, 
pH 7.0 






Zn citrate, carbonate, acetate, nitrate and sulphate were purchased from Sigma 
Aldrich and also included as reference materials. The Zn solid standards were finely 
ground in a pestle and mortar and 15 mg mixed with 150 mg cellulose and made 
into pellets whilst the solutions were stored in polyethylene falcon tubes prior to 
XAS analysis. All these Zn references compounds except ZnO nanoparticles were 
freshly prepared and used in the XAS study on Beamline B18.  
 
3.10.4 Visualisation and linear combination modelling  
The XRF spectra collected in Beamline I18 were analysed (including background 
subtraction and peak fitting) using PyMCA 4.4.1 software (Sole et al., 2007). XANES 
spectra in both studies represent a combination of all Zn species present in sample 
transected by the beam. In order to assess chemical species information, LCF (linear 
combination fitting) was used to identify the relative proportions of reference 
spectra within the data for samples of root, bulk and rhizosphere soil (B18) and 
roots (I18). The resulting Zn speciation in each sample is dependent on the suite of 
reference spectra available to fit the sample spectra. Athena from IFFEFIT software 
package (Ravel and Newville 2005) was used to conduct LCF on the XANES data 
collected from B18 and I18. 
 
LCF is a way of calculating the contribution of a range of reference (standards) 
compounds run under identical conditions to XANES signal of the sample. The 
goodness of the fit was estimated by determining the residual R factor of the fit 
(Langner et al., 2012). 
 
 
      R =          
∑(𝑑𝑎𝑡𝑎−𝑓𝑖𝑡)2
∑(𝑑𝑎𝑡𝑎)2
                                                                            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.14) 
 
 




A lower R factor represents the best fit between the sample spectrum and the fitted 


































The general experimental and theoretical techniques have been described in this 
chapter. This included the materials, methods and data analyses employed and the 
justification of their use purpose. The next chapters of this thesis are based on the 
































4 Testing Rhizobium leguminosarum and Pseudomonas brassicacaerum 
resistance to Zn and toxicity of different Zn species to Brassica juncea 
 
4.1 Introduction 
Particles with novel and distinctive physicochemical properties with at least one 
dimension within the range of 1- 100 nm are defined as nanoparticles (NPs) (Moore, 
2006). Zn minerals occur naturally as bulk soilds but also in the form of 
nanoparticles such as ZnS (Moreau et al., 2007). ZnO and ZnS NPs are also used in a 
wide range of products such as textiles, sunscreens, paints, industrial coatings, 
electronic and optoelectronic applications (solar cells, ultra violet (UV) lasers, 
infrared windows, sensors, electroluminescence devices) (Hernandez-Viezcas et al., 
2011; Li et al., 2013; Sakshi et al., 2013; Thottoli and Unni, 2013). Following their 
production, transportation, and usage, these Zn species are released into the 
environment intentionally or accidentally (Zhang et al., 2007; Wu et al., 2010; Dhas 
et al., 2013; Feng et al., 2013). NPs can be toxic to terrestrial organisms (Morones et 
al., 2005; Griffith et al., 2007; Lin and Xing, 2007; Roberts et al., 2007; Lopez-
Moreno et al., 2010). ZnO NPs at a concentration between 3 and 10 mM were 
shown to cause 100 % inhibition of bacteria growth (Brayner et al., 2006).  
 
Metal toxicity to bacteria has been investigated using either bacteria as a single 
isolate, in solution, soil, water, or a mixed culture with varying metal concentrations 
(Richards et al., 2002; Rathnayake et al., 2013). The selection of culture media is 
important when investigating metal toxicity to bacteria (Richards et al., 2002; 
Rathnayake et al., 2013). High levels of metal tolerance by bacteria have been 
demonstrated when grown in culture media with a defined chemical composition 
and containing a high concentration 2-10 g L-1 of a carbon source (e.g., mannitol, 
gluconate, glucose) (Rathnayake et al., 2013). 
Upon metal exposure, some bacteria are resistant or tolerant to extremely high 
concentrations of metal (Trevor et al., 1985). Terms such as “resistance” or 




distinguishes between them as follows. ‘Resistance’ is defined as the ability of 
bacteria to survive toxic effects of metal exposure by means of a detoxification 
mechanism, whilst ‘tolerance’ is the ability of bacteria to survive high 
concentrations of a metal by means of intrinsic properties (e.g. extracellular 
polysaccharide and metabolite excretion, pigmented cell walls) (Gadd, 1992). 
 
Plant growth promoting bacteria (PGPB) tolerate high concentrations of metal 
contaminants which may be significant in the restoration of contaminated soil 
(Krishna et al., 2013).  Information on the toxicity of different Zn species to PGPB 
and hyperaccumulating species is required to design phytoremediation experiments, 
and ultimately to design sustainable phytoremediation treatments of Zn 
contaminated soils. Hyperaccumulating species such as Brassica juncea (L.) Czern 
are amongst the Brassica species that are widely used in phytoremediation of metal 
contaminated soil due to their ability to tolerate, extract and accumulate metals 
(Purakayastha et al., 2008; Dede et al., 2012). Thus, it is important to evaluate the 
effect of different Zn species on Brassica juncea, including germination and early 
seedling growth.    
 
This study focuses on: (a) the resistance of Rhizobium leguminosarum and 
Pseudomonas brassicacearum to Zn species; (b) the phytotoxicity of different Zn 
species on Brassica juncea; and (c) the role of Rhizobium leguminosarum and 
Pseudomonas brassicacearum on germination and early seedling growth of Brassica 
juncea.  
It was hypothesised that: 
(i) Pseudomonas brassicacearum and Rhizobium leguminosarum will be 
resistant to Zn. 
(ii) Pseudomonas brassicacearum and Rhizobium leguminosarum will confer 
Zn tolerance effect, leading to improved plant growth than in 







4.2  Materials and methods 
 
4.2.1  Materials 
This study focuses on the toxicity of Zn in nanoparticulate form by comparing Zn 
from Zn sulfate solution with the Zn NPs suspensions. Suspensions of ZnO and ZnS 
NPs and Zn sulfate solution were used as the source of zinc contamination in this 
study. Zinc sulfate (ZnSO4.7H2O) and ZnO nanoparticles with a nominal particle size 
of 35 ± 5 nm were purchased from Sigma Aldrich UK. A stock solution of zinc sulfate 
was sterilised by filtration with 0.22 μm Millipore sterilized filters. ZnS nanoparticles 
were synthesized in the laboratory (described in Chapter 3). ZnS and ZnO 
nanoparticles were suspended directly in deionized water and dispersed by 
sonication (Decon Fs 200b sonicator, 30oC) for 1 hr using the procedure of Lin and 
Xing, (2007). Small magnetic bars in the suspensions were used for stirring to avoid 
aggregation of particles prior to use. The pH value of the suspensions ranged from 
6.2 to 7.3. 
 
4.2.2 Micro-organisms 
The bacterial strains used in this study were Rhizobium leguminosarum and 
Pseudomonas brassicacearum. These plant growth promoting bacteria are known 
to colonise plant roots, enhance Zn accumulation in plant and have the ability to 
promote plant growth (Adediran et al., 2015; 2016). Pseudomonas brassicacearum 
subsp. brassicacearum (strain DBK11) was originally isolated from the rhizoplane of 
a Brassica plant (Ortet et al., 2011; Loewen et al., 2014) and was obtained as a 
lyophilisate (DSM number 13227) from the German collection of microorganisms 
and cell cultures (Leibniz Institute, DSMZ). Frozen strains of Rhizobium 
leguminosarum (bv) trifolii (strain WSM 1325), originally isolated from red clover 
nodules, were obtained from the culture collection of the Ashworth Laboratory, 





4.2.3  Isolation of bacteria and resistance testing 
a) Nutrient medium 
Isolation of study bacteria and resistant testing followed the same method and 
procedures as described in Chapter 3.  
 
      (b) Hoagland solution 
Since as part of this research, it was intended to conduct experiments with plants 
hydroponically in Hoagland solution, the toxicity of different Zn species to bacteria 
was also investigated in Hoagland solution. Isolation of study bacteria and resistant 
testing followed the same method and procedures as described in Chapter 3. The 
measured pH of the Hoagland solution was pH 5.6. Bacteria growth was determined 
turbidimetrically by measuring the optical density of the experimental mixtures at 
600 nm from the starting time (0 h to 54 h). The dilution plate count method was 
used to assess the viability of the bacteria by determining the colony forming units 
(CFU). See detailed description of determination of bacteria growth in Chapter 3. 
 
4.2.4 Seed inoculation and germination 
A single colony of Psuedomonas brassicacearum and Rhizobium leguminosarum bv 
trifolii were grown in a sterilised nutrient broth (containing 1 g meat extract, 2 g 
yeast extract, 5 g peptone, 5 g NaCl, pH 7.4 at 37oC purchased from Aldrich) and 
placed on a shaker at 30oC for 48 hrs. Cells were collected by centrifugation at 3,000 
rpm for 20 min at 4oC, then washed thrice with sterile water and re-suspended in 
sterile deionised water to a final concentration of 108 CFU mL-1 at 30oC. Seeds of 
Brassica juncea were purchased (Sow Seeds Ltd., UK) and stored in a clean plastic 
bag in the dark at room temperature (14-16 oC) until use. Seeds were surface 
sterilised just before use in 5% sodium hypochlorite for 5 mins and rinsed three 
times in sterile deionised water in a laminar fume hood. Sterilised seed were 
immersed in 10 ml bacteria suspension for 4 h standing in the fume hood. Seeds for 
control treatments were also soaked in sterilised deionised water and maintained in 





Germination tests were carried out in petri dishes (9 cm diameter). 5 mL of different 
ZnSO4, ZnS and ZnO nanoparticles were added, all at 600 mg L-1 Zn concentration, to 
the autoclaved Whatman no. 1 filter paper. This Zn concentration was chosen 
because it is high enough to stimulate undesirable effects on plants (Rico et al., 
2011; Zhao et al., 2013) so the effectiveness of PGPBs inoculated treatments could 
be tested for ameliorating Zn toxicity to plants. Deionised water was used for the 
control treatments. 10 seeds were placed, spaced out, on top of the lower filter 
paper in the dish. The petri dishes were sealed with adhesive tape (ParafilmTM) to 
avoid desiccation. All experiments and controls were conducted in triplicate (Table 
4.1). The petri dishes were placed in a growth room at a constant temperature of 
21oC for germination to occur. Fluorescent lighting provided a photoperiod of 16 h 
d-1. Seed germination was recorded after 2 days of seed sowing and re-sealed with 
adhesive tape. Seedlings were allowed to grow in the sealed petri dishes for 14 days 
and their growth measured. 
 
Table 4.1 Description of experimental treatments  
Codes Treatments 
Control Control without Zn treatment 
ZnSO4 B. Juncea grown on ZnSO4 solution 
ZnS NPs B. Juncea grown on ZnS NPs solution 
 ZnO NPs B. Juncea grown on ZnO NPs solution 
  
B1 Control R. leguminosarum control without Zn treatment 
B1 ZnSO4 R. leguminosarum + B. Juncea grown on ZnSO4  solution  
B1 ZnS NPs R. leguminosarum + B. Juncea grown on ZnS NPs  solution 
B1 ZnO NPs R. leguminosarum + B. Juncea grown on ZnO NPs  solution 
  
B2 Control P.brassicacearum Control without Zn treatment 
B2 ZnSO4 P.brassicacearum + B. Juncea grown on ZnSO4  solution 
B2 ZnS NPs P.brassicacearum + B. Juncea grown on ZnS NPs  solution 





Seed germination percentage was calculated for each petri dish according to the 
International Seed Testing Association method (ISTA, 2008). A seed was considered 
germinated after radicle emergence. Germination percentage was calculated as, 
 
𝐺𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (%) =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑒𝑒𝑑𝑠
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠
 × 100    (Equation 4.2) 
 
Seedling shoot and root length was measured after 14 days with a ruler.  
 
The tolerance index (TI) of a plant to Zn was calculated (Yadev et al., 2009) using a 
plant growth parameter, such as shoot and root length, as: 
 
𝑇𝐼 =  
𝑀𝑒𝑎𝑛 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑚𝑒𝑑𝑖𝑎
𝑀𝑒𝑎𝑛 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡 𝑔𝑟𝑜𝑤𝑖𝑛𝑔 𝑖𝑛 𝑢𝑛𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑚𝑒𝑑𝑖𝑎 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 × 100 (Equation 4.3) 
 
4.3  Statistical analysis 
All experiments were carried out in triplicate. The mean and standard error of mean 
of the three replicates of each Zn treatment, including the inoculated treatments 
were performed on Microsoft Excel software 2013. All treatment means were 
normally distributed using the Anderson-Darling’ normality test. Root and shoot 
length were compared between treatments using two way analysis of variance 
(ANOVA). Tukey’s HSD test was used to identify significant differences between 
treatment means. Anderson Darling’ normality test and two-way analysis of 
variance were conducted using Minitab software version 17 (Minitab TM Inc, State 








4.4  Results 
4.4.1  Effect of Zn addition on growth curves 
The dose response experiment assessed the toxicity of the Zn contaminants in the 
medium on Pseudomonas brassicacearum and Rhizobium leguminosarum. Since, 
both study bacteria exhibited similar growth patterns in the different Zn treatments 
results, Pseudomonas brassicacearum only are reported here. The experimental 
results displayed in Figure 4.1 showed a marked difference in bacteria growth 
between ZnSO4 and control as reflected by the optical density. Pseudomonas 
brassicacearum practically stopped growing upon increasing concentration of ZnSO4 
compared with the control, even at 100 mg L-1. As a function of time, compared to 
ZnSO4, Pseudomonas brassicacearum exhibited a different growth response to ZnO 
NPs. As concentration increased, Pseudomonas brassicacearum showed a trend of 
increasing from 100 – 200 mg L-1 whereas, at 600 – 800 mg L-1 there was also 
reduction in growth rate as compared with the control.  The dose response to ZnS 
NPs was similar to the typical bacteria growth curve, as Pseudomonas 
brassicacearum increased steadily over the 54 h experimental period. Growth in the 
Zn- amended treatments declined after 40 h as compared with the control in which 
growth did not decline until after 52 h. Growth rates decreased with increasing ZnS 
concentration, although growth occurred at all concentration tested. 
The dose response results of the three study contaminants as reflected by the 
optical density assessment of bacteria growth revealed that ZnSO4 was the most 
toxic since it impaired bacterial growth from the lowest concentration to highest 
concentration. The order of toxicity of the study contaminants to the growth of 






Figure 4.1: Growth of Pseudomonas brassicacearum in uncontaminated nutrient 
broth and nutrient broth amended with 100 – 800 mg L-1 (a) ZnSO4 (b) ZnS 




to light scattering (absorption) at 600 nm, the absorbance measured at time zero 
was subtracted from all measurements for nanoparticle suspensions. 
 
To compare with the results from the nutrient broth experiments in Figure 4.1, the 
growth curves of Pseudomonas brassicacearum for experiments conducted in 
Hoagland media are shown in Figure 4.2. Although growth occurred in the controls, 
the optical measurements in the flasks containing Zn were compounded by the 
precipitation of Zn hydroxides, resulting in apparent negative growth in most of 
experiments. Consequently, growth in Hoagland solution could not be reliably 






Figure 4.2: Growth of Pseudomonas brassicacearum in uncontaminated Hoagland 
solution and Hoagland solution amended with 100 – 800 mg L-1 (a) ZnSO4 (b) ZnS 
nanoparticles (c) ZnO nanoparticles. Since nanoparticle suspensions contributed 
to light scattering (absorption) at 600 nm, the absorbance measured at time zero 





The colony forming unit (CFU) method was used to assess whether the bacteria 
were viable irrespective of growth. Following incubation for 24 h the number of CFU 
in agar plates containing the two different media investigated are shown in Table 
4.2. 
 
Table 4.2 Colony forming units (CFU mL-1) of Pseudomonas brassicacearum 
growing on nutrient and Hoagland media amended with 100- 800 mg L-1 of Zn in 
three different forms. The values are means of 3 replicates. Different letters 
represent significant differences following Tukey’s test (p<0.05). 
 Nutrient medium Hoagland medium 
Concentration 
( mg L-1 Zn) 
ZnSO4 ZnO NPs ZnS NPs ZnSO4 ZnO NPs ZnS NPs 
100 9.3 x105 b 19.0 x105 b 17.0 x105 b 1.8 x105 b 1.3 x105 b 1.7 x105 b 
200 8.1 x105 b 19.0 x105 b 17.0 x105 b 1.4 x105 b 1.1 x105 b 1.6 x105 b 
400 6.4 x105 b 14.4 x105 b 11.7 x105 b 1.0 x105 b 1.0 x 105 b 1.2 x105 b 
600 6.0 x105 b 9.0 x105 b 11.5 x105 b 1.0 x105 b 1.0 x105 b 1.2 x105 b 
800 5.0 x105 b 3.5 x105 b 10.4 x 105 b 1.0 x105 b 1.0 x105 b 1.0 x105 b 
Control 21 x106 a 1.4 x106 a 
 
 
The greatest numbers of colonies were in the control samples. In both media and all 
Zn treatments, there is a consistent pattern of decreasing number of CFU as Zn 
concentration increases. Relative to the control for both media, CFU of varying 
concentrations of different Zn species were remarkably different in both media. The 
plate count method revealed that some cells remained viable in both the nutrient 
broth and Hoagland solution with better viability in the nutrient medium relative to 




(nutrient broth experiment) results, there were more viable cells in Zn NPs 
suspensions relative to ZnSO4 solutions. 
 
4.4.2  Effect of different Zn species on seed germination and seedling 
growth 
Germination of seed started on day 2 of the experiment. The percentage of 
germination in the control and different Zn and inoculation treatments at 600 mg L-1 
Zn is shown in Table 4.3. Seed germination responses differed between the Zn 
treatments. In the uninoculated treatments, the germination percentage of Brassica 
juncea seed was higher in the control (100%) than in all the Zn treatments, but only 
in the ZnSO4 treatment was there a significant reduction in seed germination 
compared to the control (Table 4.3). Upon inoculation with Pseudomonas 
brassiccacearum and Rhizobium leguminosarum, seed germination increased for all 
Zn treatments and was not significantly different from the control, apart from the 
ZnO NPs treatment inoculated with Pseudomonas brassicacearum in which on seed 




















Table 4.3: Germination percentages of inoculated and uninoculated seeds of 
Brassica juncea in 600 mg L-1 Zn, 14 days after planting. Data shown are the mean 
of three replicates. * indicate significant differences between the control 
treatments (inoculated and uninoculated) and Zn species following Tukey’s test (p 
< 0.05). B1 repesents Rhizobium leguminosarum and B2 represents Pseudomonas 
brassicacearum). 
 
The shoot and root lengths measured in Brassica juncea seedlings after 14 days 
growth are shown in Figure 4.3 (a-b).  
 
The interaction between Zn species and bacteria inoculation factors were significant 
(p < 0.05) for shoot length in the 2-way ANOVA so Tukey HSD tests were conducted 
to determine where significant differences lay between the combined effect of Zn 
and inoculation treatments, with significant differences indicated by the different 
letters in Figure 4.3a. In the absence of bacterial inoculation, shoot length after 6 
weeks was significantly higher in the control treatment with no added Zn compared 
Samples   No. of seeds sown       No. of seeds 
germinated 
% Germination  
Control 10 10* 100 
ZnSO4  10 5.3* 53.4 
ZnS 10 9.3 93 
ZnO 10 8.6 86 
    
B1 Control  10 10 100 
B1 ZnSO4  10 9 90 
B1 ZnS  10 9 90 
B1 ZnO  10 9 90 
    
Control B2 10 10* 100 
B2 ZnSO4 10 9.3 93 
B2 ZnS  10 9.3 93 




to the treatments with different species of added Zn. However, bacterial inoculation 
increased shoot length when Zn contamination is present in the form of ZnSO4 than 
in Zn NPs treatments. 
 
The interaction between the combined effects of Zn species and bacteria 
inoculation factors were not significant for root length (Figure 4.3b). However, 1-
ANOVA tests followed by Tukey HSD tests showed there are significant differences 
in root length between the Zn species and bacterial inoculation with significant 
differences indicated by different letters in Figure 4.3b. 
 
The seedlings of Brassica juncea were evaluated for tolerance to Zn in the different 
Zn treatments 14 days after planting. Tolerance index (TI) values of shoots were 
higher than the values of roots in the same experiments for all Zn treatments 
(Figure 4.3 c-d). TI values of shoots ranged from 28 to 67% for the uninoculated and 
63 to 77% for the inoculated treatments. The TI values of roots ranged from 23 to 
58% for the uninoculated and 41 to 68% for inoculated treatments. In uninoculated 
experiments higher TI values of roots and shoots occured in the Zn NPs treatments 
than in the ZnSO4 treatment. However, upon inoculation with Rhizobium 
leguminosarum and Pseudomonas brassicacearum, the TI values of shoots and roots 
in the ZnSO4 treatment increased to higher mean values than in the Zn NPs 
treatments. TI values of shoots and roots were lower in the inoculation experiment 
with Pseudomonas brassicacearum (B2) for the ZnO NPs compared to the ZnS NPs 
treatment.  
 
From the study results the rank order of the effect on seed germination, seedling 












Figure 4.3: Effect of Zn species and bacteria inoculation on growth of Brassica 
juncea seedlings grown in 600 mg L-1 Zn, 14 days after planting (a) shoot length, (b) 
root length, (c) shoot tolerance index, and (d) root tolerance index. B1 repesents 
Rhizobium leguminosarum and B2 represents Pseudomonas brassicacearum). 
Values are means of replicates of 3 petri dishes per treatment and standard mean 
errors are shown in (a) and (b). Different letters indicate significant differences 
following Tukey multiple comparison tests (p<0.05) between different Zn species 
treatments in (b) and between the combined effects of Zn species and inoculation 







4.5.1 Zn resistance of Pseudomonas brassicacearum and Rhizobium 
leguminosarum 
 
Zn is an essential element for bacterial growth and enzyme activity however, Zn 
shows toxicity and inhibits microbial processes when in high concentrations (Ali et 
al., 2012). The result of this study, showed that both bacteria strains investigated 
(Rhizobium leguminosarum and Pseudomonas brassicacearum) are resistant to Zn 
species. Lag time is the initial period in the life of a bacterial growth, when cells are 
adjusting to new environment before starting exponential growth (Rolfe et al., 
2012). The lag time observed for Pseudomonas brassicacearum was longer in the 
Hoagland solution compared to nutrient medium in all Zn treatments. Other studies 
have reported that heavy metals reduce bacteria growth rate (Mahapatra and 
Banerjee, 1996). In the bacterial growth experiments, ZnSO4 appeared to be more 
toxic than ZnO and ZnS nanoparticles, indicating the toxicity of Zn restrained the 
growth of Pseudomonas brassicacearum in ZnSO4 treatment. Bacteria exhibited 
remarkable resistance to Zn nanoparticles than in ZnSO4 when exposed in nutrient 
medium. This is probably due to the secretion of exopolysaccharides and 
entrapment of toxic contaminants (Wilkinson ad Reinhardt, 2005; Chopra, 2007; 
Miao et al., 2009; Dhas, 2013; Janczarek et al., 2015). The bacteria resistance to Zn 
nanoparticles may also be dependant on the solubility of the Zn species, suggesting 
that the small amount of dissolved Zn in ZnO and ZnS nanoparticles treatments 
induced a comparatively high resistance in bacteria compared to higher dissolved 
Zn in ZnSO4 treatment.  
 
The plate count method revealed a greater number of bacteria colonies for 
Pseudomonas brassicacearum (Table 4.2) and Rhizobium leguminosarum (table not 
shown) in the nutrient medium than in Hoagland solution (Table 4.2). 
Spectrophotometer method of optical density (OD) measurement and the plate 
count method are widely used for determining bacterial populations (Myers et al., 
2013; Pan et al., 2014). Result presented in both methods have distinct differences. 




600 and 800 mg but formed colonies in the plate count method. This is because the 
spectrophotometric analysis indirectly measures all bacteria (cell biomass), dead 
and alive, the plate count method reveals information on only live bacteria (Myers 
et al., 2013; Pan et al., 2014).  However, it has been reported that bacteria that are 
impaired or damaged by environmental conditions are believed to exhibit greater 
variability in response to added nutrients (Flowers and Ordal, 1979; Roszak and 
Colwell, 1987). Nutrient medium improved the tolerance of Pseudomonas 
brassicacearum to Zn compared to Hoagland solution. Therefore, selection of 
appropriate media for metal toxicity study is vital as metal speciation is a function 
of media components (Shuttleworth and Unz, 1991; Farrell et al., 1993).  
 
Zn could have different species in media that could lead to toxicity in bacteria in this 
study. Zn complexes with amino acids, polypeptides from yeast extract and peptone 
in the nutrient broth may decrease the concentration of Zn2+, resulting in lower 
toxicity in Zn NPs in the nutrient media. Increasing concentration of Zn2+ in ZnSO4 
treatment may result in higher toxicity to Pseudomonas brassicacearum in the 
nutrient broth. Thus, ZnSO4 was the most toxic of the Zn species examined to the 
PGPB studied. There were also minor differences in toxicity between the NPs 
studied (ZnO and ZnS) as displayed by the OD in this study, which could be 
attributed to solubility. ZnO nanoparticles are more soluble than ZnS; this could be 
tested by analysing dissolved Zn in suspensions of nanoparticles. 
 
Overall, this study, showed that both Pseudomonas brassicacearum and Rhizobium 
leguminosarum (data not shown) are resistant to Zn NPs more than ZnSO4 at the 
concentrations to be used in the pot experiment, although growth is compromised 
at higher concentrations. This implies that they can be used reliably in growth 
experiments, especially where metal adsorption to soil might provide further 
protection. However, the bacteria might not be very effective in enhancing the 






4.5.2 Phytotoxicity of Zn to seed germination and early seedling growth 
Seed germination and seedling growth are relevant phytotoxicity parameters widely 
used to test the toxicity of chemical species following contaminant release in the 
environment (USEPA, 1996). These parameters were quantified in this study 
following exposure of Brassica juncea to different Zn species at 600 mg L-1 Zn in a 
simple, rapid and sensitive germination test conducted in petri dishes. The results of 
study showed that ZnO and ZnS nanoparticles did not significantly affect 
uninoculated seed germination (Table 4.3). These are consistent with previous 
studies, which also showed that seed germination is insensitive to nanoparticles 
exposure (Zhan et al, 2015; Yang et al., 2015). The insensitivity of seeds to Zn 
nanoparticles exposure in these experiments may be as a result of slow dissolution 
of Zn2+ from ZnO and ZnS NPs, insufficient Zn concentration (dissolved Zn) or 
selective permeability of the seed coat (Wierzbicka and Obidzinka, 1998; Lin and 
Xing, 2007; Ma et al., 2010). Although there was no effect on seed germination, the 
mean shoot and root lengths of seedlings in 600 mg L-1 ZnO and ZnS nanoparticles 
treatments were shorter than the control. Possibly because roots are in direct 
contact with Zn NPs, thus, the presence of Zn NPs itself or dissoluted Zn2+ may 
interfere with root physiology hence variation in length (Lin and Xing, 2007; Zafar et 
al., 2016). Metal NPs, including ZnO nanoparticles, have been shown in other 
studies to adversely affect seedling length (Lin and Xing, 2007; 2008; Zafar et al., 
2016). Lin and Xing, (2007) reported that 2000 mg L-1 ZnO NPs significantly inhibited 
root length and terminated root development of corn, radish, ryegrass, cucumber, 
rape and lettuce. In this study, the phytotoxicity of Zn nanoparticles was minimal as 
compared with soluble Zn (ZnSO4) in the uninoculated experiments. Exposure to 
600 mg L-1 of ZnSO4 significantly inhibited seed germination (46.6%) and further 
significant reduction of shoot and root length compared to the uninoculated control 
was observed. Previous studies have suggested that the toxicity of metals and metal 
nanoparticles arises from dissolution and subsequent release of toxic metal ions (Lin 
and Xing, 2007; Franklin et al., 2007; Ma et al., 2013; Zhang et al., 2015) which is 
also dependent on their chemical composition, morphology, size and surface 
characteristics (e.g. charge, coating) (Xu et al., 2010). Zinc is an essential element for 




such as 600 mg L-1  Zn in this study will inhibit seed germination, plant growth and 
development (Alloway, 2008; Broadley et al., 2007). The study findings showed that 
uninoculated root length was lower in all Zn treatments than shoot length. This is 
because the radicles (embryonic root of the plant) are the first main tissue to be in 
direct contact with the Zn treatment thus suggesting that root elongation was more 
sensitive to all Zn treatments than shoot length (Lin and Xing, 2008; Yang et al., 
2015).  
 
The results of the study showed promising effects of inoculation with Rhizobium 
leguminosarum and Pseudomonas brassicacearum on seed germination and 
seedling growth. Rhizobium leguminosarum and Pseudomonas brassicacearum are 
known to alleviate unfavourable Zn effects on germination rate, seedling 
emergence and plant growth in Zn contaminated soil (Adediran et al., 2015; 2016). 
The present study confirms the beneficial effects of Rhizobium leguminosarum and 
Pseudomonas brassicacearum on Brassica juncea. Although no significant 
differences in seed germination between inoculated Zn treatments and the control 
were observed, inoculation with Pseudomonas brassicacearum significantly 
affected seed germination in ZnO NPs treatments (Table 4.2). It appeared that 
Pseudomonas brassicacearum was less effective in ZnO NPs treatment as 
germination rate was (26%) inhibited. However, inoculation with Rhizobium 
leguminosarum increased shoot and root length compared to uninoculated ZnO NPs 
treatment. The seedling growth inhibition observed in uninoculated ZnSO4 
treatment was significantly ameliorated upon inoculation with PGPB compared to 
the Zn nanoparticles treatments. 
 
Possible explanations of the positive effect of PGPB on seedling growth suggested 
by previous studies include: (a) increased nutrient availability through the 
solubilisation of unavailable minerals; (b) the production of 1-aminocyclopropane-1-
caroxylate (ACC) deaminase by PGPB, thus reducing concentrations of ethylene in 
the roots of developing plants, thereby increasing root and shoot growth; (d) the 
production of phytohormones, (d) nitrogen fixation (Bashan and Holguin, 1997; 




early seedling root growth of non-leguminous plants (Brassica species and lettuce) 
upon inoculation with Rhizobium leguminosarum which was attributed to 
phytohormone production. However, these PGPB properties were not investigated 
in the strains in our study. 
 
Overall the PGPB strains used in this study conferred high Zn tolerance on Brassica 
juncea, not only in increasing seed germination and seedling growth but in 
protecting young seedlings against Zn toxicity compared with the uninoculated 
plants. Therefore, these plant growth-promoting bacteria are valuable for 

























4.6  Conclusion 
ZnO and ZnS nanoparticles are emerging Zn contaminants owing to their wide 
application usage in consumer products. Thus their interaction with plants is 
inevitable, which will affect their uptake, toxicity and transport. In this preliminary 
study, the toxicity of different Zn species to Brassica juncea was assessed with and 
without PGPB to inform on concentrations for plant growth experiments in which 
bacteria are also inoculated. The results suggest that Brassica juncea was tolerant 
to 600 mg L-1 Zn, although phytotoxicity effects on seed germination and seedling 
growth of Brassica juncea were more evident for ZnSO4 than in ZnO and ZnS 
nanoparticle treatments. Upon bacterial inoculation, Zn toxicity effects on seed 
germination and seedling growth were diminished in ZnSO4 treatment. Thus both 
the study plant growth promoting bacteria may play a potential role in alleviating Zn 
induced toxicity to plants growing in Zn contaminated soil. Although no study has 
yet examined the role of Rhizobium leguminosarum and Pseudomonas 
brassicacearum in remediating soil contaminated with different Zn species, these 
results offer not only a promising strategy to promote plant growth and ameliorate 
Zn induced toxicity in hyperaccumulating species but also show that the 
combination of Brassica juncea and the PGPB has potential to be efficient for the 
phytoextraction of Zn contaminated soil. Brassica juncea growing in Zn 
contaminated soil may have a different tolerance compared to the results from 
these experiments in the absence of soil since soil is a heterogeneous complex 
environment and, some of the added Zn will not be bioavailable in soil due to other 
physico-chemical processes (such as, adsorption, cation exchange, solubility 
constraints). However, it would be interesting to investigate if the seed germination 
and seedling growth of Brassica juncea exposed to different Zn species and PGPB 
shows the same trend under greenhouse conditions as in this study. Hence 
experiments were conducted under greenhouse conditions to investigate in 
Brassica juncea germination and early seedling growth, which are major steps in the 













5 Probing speciation dependent uptake of trace metals from contaminated soil 
by metal hyperaccumulating plants 
 
5.1  Introduction 
The environment is increasingly being contaminated with toxic metals resulting 
from natural and anthropogenic activities (Khan et al., 2004; Hou and Al-Tabbaa, 
2014). Amongst different potential contaminants, heavy metal contamination has 
gained considerable attention owing to its potential threat to human health, 
environmental persistence of metals and detrimental effects on ecosystems (Liu et 
al., 2009; Batayneh, 2012). Soil contamination with Zn is mostly due to increasing 
use of Zn in industrial and agricultural activities, such as mining and smelting, 
dispersal from mine wastes incinerator emissions, excessive applications of Zn-
containing fertilisers or pesticides and use of Zn-contaminated sewage sludge 
(Voegelin et al., 2005; Romeo et al., 2014; Singh et al., 2014). Following deposition, 
Zn species are generally found in Zn contaminated soil as sphalerite (ZnS) and 
zincite (ZnO) (Isaure et al., 2002). These two forms of Zn (ZnS and ZnO) are currently 
amongst the numerous Zn nanomaterials that have recently attracted worldwide 
attention due to their unique properties for applications in gas sensors, ultraviolet 
detectors, photovoltaic devices, and personal care products (Rao et al., 2014; Liu et 
al 2014; Xu et al., 2014). Nanoparticles are seen as materials which have at least 
one dimension in the size range 1-100 nm (Arruda et al., 2015). Owing to increased 
nanotechnology applications, nanoparticles may be released into the environment 
during production, transport and use resulting in adverse effects on the 
environment such as inhibiting plant growth, and disrupting cell function in plants 
(Chang et al., 2012; Peralta-Videa et al., 2011; Li et al., 2015; Zhang et al., 2015). 
Although Zn is an essential element for life, as it influences plant metabolism and 
growth process, like other trace metals excessive Zn content in soils may be harmful 
resulting in detrimental consequences for plant physiology, development and other 
important metabolic processes (Nagajyoti et al., 2010; Qiao et al., 2014). Thus, 




environments. To date, various methods have been proposed for toxic metal 
removal from the environment. Conventional methods such as landfilling, chemical 
oxidation, vitrification, and stabilization are disruptive, costly and labour intensive 
(Lopez et al., 2007). Phytoextraction is a type of phytoremediation that is 
increasingly being used as an environmentally sustainable remediation technique 
which involves the use of plants to extract toxic metals from soil into harvestable 
biomass (Reichman, 2007). A number of plant species, among the Brassica genus 
have been successfully used for the phytoextraction of metals from polluted soil (Su 
and Wong, 2004). These species have a high capability for accumulating, 
translocating and tolerating high levels of Zn within plant tissues and are termed 
hyperaccumulators (Kumar et al., 1995; Lombi et al., 2001; Novo et al., 2013). 
Brassica juncea is currently used to extract and accumulate toxic metals from 
contaminated soils (Prassad et al., 2003; Bluskov et al., 2005; Meyers et al., 2008; 
Purakayastha et al., 2008; Dede et al., 2012). Uptake of metals by the roots, 
transport of metal from roots to shoot, complexation with chelating molecules and 
compartmentalisation into the vacuole are believed to be the major mechanisms by 
which hyperaccumulators alleviate plant stress from toxic metals (Hall, 2002; 
McGrath and Zhao, 2003; Lu et al., 2013). 
  
In metal contaminated soil, the fraction of the total metal concentration which can 
be readily mobilised in the soil environment and taken up by plant roots is 
considered as the bioavailable fraction (Vamerali et al., 2010; Bhargava et al., 2012). 
Thus, current literature suggests that consideration of metal bioavailability in soils is 
essential decisive for the success of phytoextraction (Li and Ramakrishna, 2011). 
The biogeochemical Zn behaviour and its potential effects on plants are strongly 
influenced by its speciation. Speciation is the existence or the distribution of a metal 
in different chemical forms in a system (Shahid et al., 2011; Cough et al., 2012). 
Therefore, the degrees of Zn toxicity, bioavailability and mobility in soils are 
controlled by Zn speciation (Voegelin et al., 2005).  
 
More information about nanoparticles including their accumulation, transport and 




2013; Nair et al., 2010; Zhang et al., 2015). The aims of this study are (i) to compare 
the effect of different Zn species on plant growth; (ii) to compare the uptake and 
toxicity of Zn when the Zn is present in the form of soluble ZnSO4 and 
nanoparticulate ZnS and ZnO on Brassica juncea (L.) Czern to inform the associated 
environmental risks; and (iii) to investigate the fractionation of Zn in soil without 
the presence of plants.  
 
It was hypothesised that: 
(i)  Zn speciation will influence plant growth under different zinc 
contamination. 
(ii) There will be differences in uptake and Zn toxicity in Brassica juncea 
























5.2 Materials and Methods 
 
5.2.1 Zinc forms 
Zinc sulphate (ZnSO4.7H2O) and ZnO nanoparticle were purchased from Sigma 
Aldrich UK and stored according to the vendor’s instructions while ZnS 
nanoparticles were synthesised in the laboratory by using a chemical precipitation 
method (Ganguly et al., 2014) as decribed in Chapter 3. 
 
The morphology of ZnS nanoparticles was examined using X-ray diffraction (XRD) in 
order to identify their crystal phase and microstructural investigation was carried by 
transmission electron microscopy (TEM) (Philips CM 120) as described in Chapter 3. 
5.2.2 Soil preparation and treatment 
A natural topsoil without peat amendment was used in this study. This is due to the 
fact that high organic matter content in compost will modify metal mobility and 
availability (Al Chami et al., 2013). Topsoil encourages rooting, airflow and drainage 
and also a representative of field condition. Westland topsoil was purchased from 
Dobbies Garden Centre Edinburgh UK.  
 
The soil was air dried, crushed and finely sieved through a 2 mm stainless steel sieve 
to disaggregate clumps and remove any coarse debris present. The prepared soil 
was mixed with 10% sand by volume to aid drainage. Selected properties of the soil 












Table 5.1: The physical and chemical properties of experimental soil (Values are 
means of the analysis of three sub-samples). 
 
5.2.3  Pot experimental design 
A pot experiment was conducted to assess the effect on plant growth when 
elevated Zn concentrations are added to soil in the form of soluble Zn or as 
nanoparticulate, ZnS and ZnO. The pot experiment was conducted in a greenhouse 
set to provide a day/night temperature of 21oC in a 18 h photoperiod at a 
photosynthetic photon flux density (PPFD) of 150 µmol m -2 s–1 provided by cool 
white fluorescent bulbs. The experimental design consisted of each treatment in 
triplicate pots. The air dried soil was weighed and amended with 600 mg Zn kg-1 of 
ZnSO4, ZnS and ZnO nanoparticles in solid form. The spiked soil sample was mixed 
by hand for 1 hr to produce a homogenous sample. 1 kg of spiked (Zn, ZnO and ZnS) 
or un-spiked soil (control) was placed in 2.15 L pots. Both planted and unplanted 
pots (Table 5.2) and were left to equilibrate for a week in the greenhouse.  
 
Brassica juncea (L.) CZern seeds (purchased from Sow Seeds Ltd., UK) were surface 
sterilised in 5% NaClO for 15 mins, then rinsed with deionised water thrice. 5 
sterilised seeds were directly sown into individual planted pots. Emergent seedlings 
Parameters Value 
Moisture content (%) 26.2 
Organic matter  content (% LOI) 15.4 
pH 6.2 
N (mg g-1) 1.79  
P (mg g-1) 0.30 
K (mg g-1) 8.49 
Zn (mg g-1) 0.03 
Fe (mg g-1) 13.6 
Ca (mg / kg ) 2078.5 
Mg (mg / kg ) 279.2 
Mn (mg / kg ) 20.6 




were thinned out to 3 plants per pot at 12 days after planting. Planted and 
unplanted pots were watered with 100 ml tap water twice weekly to maintain soil 
moisture during plant growth. Leachates from all pots were collected using 
individual pot saucers and returned back to the soil. 
 
Growth parameters of Brassica juncea (L.) CZern were measured at different 
growing stages starting from seedling. Plant height, from the soil surface to the tip 
of the longest shoot, was measured once a week on each replicate and for each 
treatment. Metal-related phytotoxicity in each planted pot was evaluated by 
monitoring growth rate based on (i) plant height, (ii) leaf count (iii) dry biomass (iv) 
other observations such as leaf chlorosis, necrosis, drying and senescence.  
 
Soils from the unplanted pots were also evaluated to observe non-plant effects of 
Zn from 0 to 6 weeks. The planted pots were  harvested 6 weeks after planting. 
 
Table 5.2 Description of experimental treatments  
Treatment Description 
Control Control without Zn treatment 
ZnSO4 B. juncea  grown on ZnSO4 soil 
ZnS  B. juncea  grown on ZnS nanoparticles soil 
ZnO B. juncea  grown on ZnO nanoparticles soil 
  
sControl Unplanted control no Zn treatment 
sZnSO4 Unplanted soil treated with ZnSO4 
sZnS  Unplanted soil treated with ZnS nanoparticles 
sZnO Unplanted soil treated with ZnO nanoparticles 
 
5.2.4 Plant and soil analysis 
Following plant harvest, shoots were cut at their base, and roots were separated. 
Both plant materials were carefully washed with tap water and rinsed with 




dried at 65o C for 72 h and dry weight was recorded. Total Zn content of plant 
material was determined using a wet acid digestion method (Allen et al., 1974; 
Lowther, 1980). Ground samples were digested in 2 mL conc. H2SO4 and 0.75 mL 
H2O2, in a heating block at 320o C for 6 h. Soil total Zn content was determined using 
a dry ashing method (Allen et al., 1974) by using 1 mL HNO3 + 6 mL HCl. Digests 
were filtered with Whatman No. 44 filter paper and made up to 50 ml volume with 
deionised water, stored at 4oC and analysed within a week (described in detail in 
Chapter 3). Zn concentration in the digests were determined by inductively coupled 
plasma-optical emission spectrometry (ICP-OES) (PerkinElmer Optima 5300DV). 
Blanks from both digests were deducted from the analytical result.  
 
5.2.5 Chlorophyll content  
After plant harvest 0.5 g of fresh Brassica juncea leaves was weighed and torn into 
pieces. Torn leaves were ground and homogenised in a vortex for 30 s. Chlorophyll 
content was extracted in 2 ml of 80% acetone. The extract was transferred to 
centrifuge tubes and stored at 4°C in the dark for 24 h. and then centrifuged at 3000 
g for 15 min. Chlorophyll contents was determined spectrophotometrically at 663 
and 645 nm. Chlorophyll content was expressed as mg g-1 fresh weight and 
calculated as described in Chapter 3. 
 
5.2.6 Analysis of Zn soil pore water 
Soil pore water was extracted by centrifugation (Di Bonito, 2005; Krishnamurti et al., 
2013; Ma et al., 2013) of 150 g of Zn spiked soil (ZnSO4, ZnS and ZnO nanoparticles) 
at the start of experiment and after 6 weeks (detailed description in Chapter 3). 
 
5.3 Statistical analysis 
The means and standard error (SE) of all measured parameters were calculated for 
each treatment. The comparison of plant height, chlorophyll content, roots and 
shoot biomass, was done by one-way analysis of variance ANOVA using Minitab 17 
software (Minitab TM Inc, USA). All treatment means were normally distributed 




between treatments, post- hoc Tukey tests were used for multiple comparisons 
































5.4  Results 
5.4.1 Phase characterization of ZnS nanoparticles 
The XRD analysis of the synthesised ZnS nanoparticles showed three broad peaks at 
2ϴ angle of 28.5, 48.2 and 56.50 (Figure 5.1) corresponding to the lattice planes of 
(111), (220) and (311) of ZnS sphalerite structure.  This result suggests that the 
crystal structure of the sample accords well with that of the ZnS with the standard 
code (ICSD No. 01-0729269). Furthermore, there are no diffraction peaks from ZnS 
impurities. The crystallite size was 86.5 Å (8.65 nm) as calculated from the Debye-

















TEM images of the synthesised ZnS nanoparticles (Figure 5.2) indicate that the 









                                                                                                 
Figure 5.2. Transmission electron micrograph of the synthesized ZnS nanoparticles. 
 
 
5.4.2 Effect of Zn speciation on growth of Brassica juncea (L.) Czern 
 
Plant growth in the pot experiment in the green house was monitored weekly from 
seed sowing to harvest. There was no measurable plant growth in ZnSO4 treatment 





Figure 5.3: Variation in plant growth 10 days after sowing. Control without Zn 





Figures 5.4 a –d clearly shows the effect of Zn speciation on the growth of Brassica 
juncea (L.) CZern plants exposed to 600 mg Zn kg-1 of ZnSO4, ZnS and ZnO 
nanoparticles for 6 weeks. The effect of Zn speciation on plant height 600 mg Zn kg-1 
showed plants in the control had the greatest height. In comparison to the control, 
soluble Zn (ZnSO4. 7H2O) was the most toxic as it significantly reduced plant height 
to 5.2 cm (Figure 5.4 a). Furthermore, visible symptoms of toxicity (yellowing of 
leaves) were observed on the Brassica juncea (L.) Czern grown for 6 weeks in soil 
amended with ZnSO4 (Figure 5.5). These symptoms became more severe with 
increasing exposure time as the leaves of the plants began to wilt and fall off after 6 
weeks of growth. Interestingly, Brassica juncea (L.) CZern grown in soil exposed to 
ZnS and ZnO nanoparticles are not significantly different in height. Exposure of 
Brassica juncea to ZnO and ZnS nanoparticles showed better growth and tolerance 
after 6 weeks of growth compared to plants exposed to ZnSO4 as there were no 
symptoms of toxicity throughout the 6 weeks growth period. 
  
The number of leaves per plant was counted and the mean number of leaves per 
pot was calculated weekly for 6 weeks. At the end of week 6 the number of leaves 
showed the same pattern between treatments as the plant height results, but the 
differences between the control and different Zn species were not significant for 
(Figure 5.4 b). 
 
The root and shoot biomass of Brassica juncea (L.) CZern after 6 weeks of growth 
(Figures 5.4 c) showed similar patterns by Zn treatment as the plant height results.  
Shoot and root biomass were both significantly lower for all Zn treatments 








Figure 5.4: Brassica juncea grown in 600 mg Zn kg-1 treatments. (a) plant height, (b) 




after planting. Values are means of three replicates and bars are the standard 
mean error of replicates. Different letters indicate significant differences p < 0.05. 
 
Chlorophyll content in leaves of Brassica juncea (L.) Czern was significantly lower in 
all Zn treatments after six weeks of growth compared to the planted control pots 
with no added Zn (Figure 5.4 d). Leaves from the ZnS nanoparticle treatment had a 
significantly higher chlorophyll content compared to the ZnSO4. 
 
Overall the results show that there were systematic Zn speciation-dependent trends 
in plant growth between the three Zn treatments. At the Zn concentration tested, 
ZnSO4 was more toxic than the nanoparticle treatments as plants were free of 
symptoms of toxicity after 6 weeks of growth. All parameters for monitoring toxicity 













Figure 5.5: Typical chlorosis of leaves of Brassica juncea (L.) Czern after 6 weeks of 
plant growth caused by 600 mg/kg ZnSO4 treatment. 
5.4.3 Zn concentration in plant material  
Zinc concentrations in dry biomass of Brassica juncea at harvest after 6 weeks are 
shown in Figure 5.6. As expected, Zn concentrations in both shoot and root biomass 
were high in the added Zn treatments compared to the uncontaminated controls. 




Zn concentration occurred in the ZnSO4 treatment and was higher than the other Zn 
nanoparticle treatments.  
 
Figure 5.6: Zn concentrations in shoots and roots 6 weeks after planting in soils 
with different Zn contamination characteristics soil with 600 mg kg-1 Zn added. 
Bars are the standard error of the mean of two mixed samples per treatment. 
 
 
Root Zn concentrations (Figure 5.6) showed a similar pattern to shoot Zn 
concentrations. Zn concentration was more in the roots of Brassica juncea treated 
with ZnSO4 compared to the ZnO and ZnS nanoparticles treatments.  
 
5.4.4 Zn concentrations in soil pore water 
Zn concentrations in soil pore water at the start and end of the experiment from the 
unplanted control and different Zn treatments applied at 600 mg Zn kg-1 are shown 
in Figure 5.7. Soil pore water data showed time dependent changes of different Zn 







Figure 5.7: Zn concentration in soil pore water from unplanted pots with different 
Zn treatments extracted at week 0 and 6 weeks in soil. Data are means and 
standard error of two pots. Different letters indicate significant differences (P< 
0.05). 
 
Soil pore water from the uncontaminated control had a significantly lower Zn 
concentration than the ZnSO4 and ZnO treatments at the start and end of the 
experiment. At week 0, Zn concentrations in the soil pore water were significantly 
different between ZnSO4 and ZnO treatments. At week 6, Zn concentrations were 
significantly different for all Zn treatments. By week 6, soil pore water Zn 
concentrations had decreased in the ZnO nanoparticle and ZnSO4 treatments but 
not in the ZnS nanoparticle treatments.  Overall, soil Zn was mobilized to pore water 











5.5 Discussion  
 
It was hypothesized that Zn speciation influences plant growth in Zn contaminated 
soil. The effect of three different forms of Zn was investigated on plant growth, Zn 
accumulation and toxicity on a hyperaccumulator species (Brassica juncea (L.) 
Czern), known for its tolerance, capacity to extract and accumulate Zn from the 
environment (Purakayastha et al., 2008; Dede et al., 2012). Results of the effects of 
different Zn forms (ZnSO4, ZnS and ZnO nanoparticles) on the growth of Brassica 
juncea (L.) Czern in Zn contaminated soil are discussed below. 
 
5.5.1 Zn speciation effects on plant growth 
Zinc is a micronutrient required in plant health, playing an important role in plant 
metabolism by influencing the activities of hydrogenase and carbonic anhydrase, as 
well as in the synthesis of tryptophan, a precursor to indoleacetic acid synthesis 
(Hafeez et al., 2013). The effects of the different Zn species on Brassica juncea (L.) 
Czern grown in soil contaminated with 600 mg Zn kg-1   were assessed using four 
variables - plant height, number of leaves, biomass and chlorophyll content and 
other visual observations. Systematic speciation-dependent trends in plant growth 
for all three Zn treatments were observed in this study. In the ZnSO4 treatment 
plant height, number of leaves and plant biomass were lower compared with the 
control and Zn nanoparticles treatments (ZnO and ZnS). It is well established that Zn 
stimulates Brassica juncea growth at low concentration (Grewal and Graham, 1997; 
Singh and Sinha 2004; Prassad et al., 1999) and at higher concentration causes 
significant suppression in plant growth. After 6 weeks of plant growth at 600 mg Zn 
kg-1 , chlorophyll content was significantly  reduced for all Zn treatments than in the  
control, with the  most reduced chlorophyll content in ZnSO4 (Figure 5.4 d). A likely 
cause of this reduction is the replacement by dissolved Zn2+ in Zn species of the 
central Mg2+ of chlorophyll, resulting in interference with synthesis of 
photosynthetic pigment (Kupper and Anderson, 2016).  Novo et al. (2014) reported 
24.4 % and 35% in chlorophyll reduction in Brassica juncea exposed to high 




concentration (1000 mg L-1) significantly decreased total chlorophyll in Brassica 
juncea (Roa and Shehawat, 2014).  
 
Our data suggest that Brassica juncea exposure to ZnO and ZnS nanoparticles had 
less impact on all plant growth parameters compared with ZnSO4. Different effects 
of ZnO nanoparticles on plant growth and biomass have been reported. Priester et 
al. (2012) and Lin and Xing (2008) reported the reduction in root length and biomass 
in soil treated with ZnO nanoparticles in edible plants. Wang et al., (2013) suggested 
that ZnCl2 was more toxic than ZnO nanoparticles in plants exposed up to 500 mg 
kg-1 ZnO nanoparticles. In addition, Prassad et al., (2012) concurred with the results 
of the present study that at 1000 ppm of ZnO nanoparticles, ZnO nanoparticle had 
less impact on seed germination, biomass and vigour than groundnut seed treated 
with 1000 ppm ZnSO4. In this study, there were no visual symptoms of toxicity 
elicited by ZnO and ZnS nanoparticles in Brassica juncea. Brassica juncea survived 
over the 6 week growing period in ZnO and ZnS nanoparticle treatments compared 
to in the ZnSO4 treated soil. 
 
ZnSO4 is highly soluble and, as such toxicity was higher, affecting plant growth more 
than Zn applied as ZnS and ZnO nanoparticles. This corroborates that at the 
concentration applied, soluble zinc (ZnSO4) elicited wilting, necrosis, chlorosis, and 
biomass decline in Brassica juncea which is typical of Zn toxicity (Bonnet et al., 2000; 
Kopponen et al., 2001; Khudsar et al., 2004; Jain et al., 2010). Metal bioavailability is 
critically dependent on bioaccessibility and, since soluble and uncomplexed Zn is 
more bioaccessible (Arnold et al., 2007), the observed toxicity trends are entirely 
consistent with respect to ZnSO4 and the nanoparticulate forms. Whilst this result is 
interpreted as the direct response of Brassica juncea to Zn, there may have been 
other unforeseen or indirect effects which were not determined in this study. For 
instance, the concentration of Zn (600 mg Zn kg-1) added to the study soil, may have 
altered the bioavailability of other essential elements. Complex interactions of Zn 
with Ca, Mg, Fe, P, may affect the availability of each other in soils and their status 
in plants through the processes of growth, absorption, distribution or utilization 




(1994) reported that growth inhibition was due to interference of Zn with P uptake 
by plants. Davies and Parker, (1993) reported that Zn toxicity was correlated with Ca: 
Zn ratio and reduced stem biomass. Chavan and Banerjee (1980) reported that Zn 
toxicity in plants appears to be due to Fe deficiency. Another factor is the soil pH 
which influences not only metal bioavailability but also controls metal uptake into 
plant root. The soil pH used in this study as seen in Table 5.1 was 6.2. This pH falls 
within the range for optimum growth of Brassica juncea (McCaffery, 2009). 
However, due to the acidic nature of the study soil, the greater Zn bioavailability 
may enhance Zn uptake (Pilon-Smits, 2005; Rout and Das, 2009), thus inducing 
phytotoxicity in Brassica juncea growth and biomass. Studies have reported that the 
toxic effects of Zn on Brassicaceae species (Brassica juncea, Thlaspi caerulescens) 
was mainly due to presence of Zn (Ebbs and Kochian, 1997; Schwartz et al., 1999; 
Ebbs and Uchil, 2008). 
 
This is the first study to the best of our knowledge, to investigate the plant response 
to ZnS nanoparticle-contaminated soil as there is no information on their fate and 
toxicity to plants. This study suggests that ZnO and ZnS nanoparticles are less toxic 
than ZnSO4 in terms of plant growth, development and yield. However, the reason 
for the lesser impacts of ZnS and ZnO nanoparticles on plant growth compared with 
ZnSO4 growth might be the adherence of nanoparticles to soil particles.  
Nanoparticles have the potential to aggregate (Figure 5.2) which may increase their 
size and reduce their mobility and toxicity (Martinez-Fernandez et al., 2015). It has 
been reported that the effects of nanoparticles on plant growth is solely dependent 
on the type of nanoparticles, size, concentration, plant species and plant substrate 
(culture medium, hydroponics and soil) (Ma et al., 2010; Aruda et al., 2015). 
 
5.5.2 Uptake of Zn by Brassica juncea (L.) Czern. 
 
Uptake of Zn by Brassica juncea grown in soils with added ZnSO4, ZnS and ZnO 
nanoparticles was studied. The concentrations of Zn in roots and shoot of Brassica 




concentration was observed more in shoots than in roots of Brassica juncea grown 
in ZnSO4 contaminated soil, indicating high mobility of Zn from soil to root. Similarly, 
Zn concentration was higher in shoots of Brassica juncea than in roots in soil 
amended with ZnO or ZnS nanoparticles. This may suggest that ZnS and ZnO 
nanoparticles underwent slow dissolution within the soil, hence assisting 
translocation into shoots. The uptake of nanoparticles in plant parts is not only 
related to surface properties, size, shape, particle composition, and growth matrix, 
amongst others but also dependent on the plant species (Siddiqui et al., 2015).  
Measuring Zn concentration in plant tissues alone is not sufficient to evaluate the 
ability of plant to extract Zn from soil because it does not consider plant biomass. 
Shoot biomass and metal concentration will be the most important indicators for 
plant Zn removal from Zn contaminated soil and which influence phytoextraction 
efficiency (Lofty et al., 2012; Bauddh and Singh, 2012), bioaccumulation and 
translocation factors (Bhuiyan et al., 2016). These contributing factors 
(bioaccumulation and translocation factors) will be evaluated in the next chapter. 
5.5.3 Effects of Zn speciation in soil pore water 
The pore water metal content is the readily available fraction of the total metal 
content in soil (Krishnamurti et al., 2015). The pore water Zn concentrations 
indicated that Zn release in the ZnO nanoparticles treated soil was greater than the 
soils with added ZnSO4 and ZnS nanoparticles (Figure 5.7). Soil pH is an important 
parameter likely to be involved in the bioavailability of Zn (Waalewinjin et al., 2013a, 
b; Dimkpa et al., 2014). Although the pH of the Zn soil pore water was not 
ascertained in this study, taking the study soil pH into account, acidic conditions of 
the study soil would favour dissolution for ZnO nanoparticles (Yamabi and Imai, 
2002; Mahdavi et al., 2012). Several studies have been reported that dissolution of 
Zn oxide nanoparticles in soils from within 1 day (Scheckel et al., 2010) to within a 
few months to years of soil incubation (Voegelin et al., 2005; Brennan and Bolland, 
2006). Higher dissolved Zn concentrations in pore water in ZnSO4 spiked soil is also 
expected to be related to the higher solubility in water of Zn salts than ZnS 
nanoparticles. The lowest Zn concentration in soil pore water occurred in the ZnS 




concentrations in soil pore water in the unplanted ZnS nanoparticles treatment 
increased slightly from week 0 to week 6 (Figure 5.7). This suggests that dissolution 
of ZnS nanoparticles in soil can be expected to occur on the time scales of years 
(Voegelin et al., 2011). Agglomeration of ZnS nanoparticles and precipitation as 
carbonates and phosphates (Ress et al., 2015) might also be a factor hindering Zn 
release in soil, explaining why ZnS was less mobile than ZnSO4 in the experimental 
system, favouring plant growth and decreased metal uptake in Brassica juncea. 
While metal dissolved in the soil solution constitutes the most readily 
phytoavailable pool of metals in soil, a significant proportion of the metals in the 
soil solution in most soils is not in a form which can be absorbed by plant roots 
(Hamon and McLaughlin, 2003). Based on the higher Zn concentration measured in 
plant tissue (Figure 5.6), soluble Zn (ZnSO4) was more phytotoxic than ZnO and ZnS 
nanoparticles, corresponding with the higher solubility of the Zn salt. However, in 
soil pore water, higher Zn concentrations occurred in the ZnO nanoparticles 
treatment. Thus, the concentration of Zn in Zn soil pore water does not explain the 
patterns of Zn uptake in plant in this study. The higher soil pore water Zn 
concentrations in the ZnO nanoparticles treatment compared to the soluble Zn 
(ZnSO4) treatment suggests, that ZnO nanoparticles may also be toxic to plants by 
releasing Zn2+ ions which may be detrimental to plants. However, there are no 
conclusive data in this study that indicates ZnO toxicity effects on plants as 














5.6 Conclusion  
Knowledge of Zn speciation is important in understanding its bioavailability and 
toxicity in Zn contaminated soil. The results presented here show that, despite the 
release of Zn ions, ZnO and ZnS nanoparticles did not produce visible signs of Zn 
toxicity including necrosis, stunting, and chlorosis or wilting in Brassica juncea. The 
nanoparticles effect on plant growth was lower than in soils treated with soluble Zn 
(ZnSO4). Thus, this study suggests that the toxicity of ZnSO4 to plants is due to Zn 
speciation problem.  
 
The uptake and accumulation of Zn in plant tissue are vital in evaluating the role of 
plant in extraction or removal of Zn from contaminated soil. The key findings 
findings from this research support the fact that release of Zn from ZnSO4, ZnS and 
ZnO nanoparticles influences Zn uptake, accumulation and toxicity in plants. The 
results of the present study revealed that Brassica juncea accumulated considerable 
biomass and accumulated Zn during the experimental period. Brassica juncea may 
therefore be considered as an effective hyperaccumulator for remediation of soils 
contaminated with Zn.  The next stage of the research aimed to assess whether 
metal resistant plant growth promoting bacteria increased the efficiency of 











Chapter 6  
6 Mechanisms behind the plant growth-promoting effect of bacteria in soils 
contaminated with different species of Zn 
 
6.1 Introduction 
Accumulation of inorganic contaminants has occurred extensively in soil ecosystems 
(Kim et al., 2015). Plants which are the part of the ecosystem will inevitably interact 
with metals thus influencing their uptake and accumulation in plant biomass and in 
turn affect their spatial distribution and speciation (Lin and Xing, 2007; Lin et al., 
2009; Ma et al., 2010). Although Zn is specifically vital for healthy plant life, previous 
studies have reported that excess Zn is detrimental to plants due to its high 
persistency in soil, thus can induce physiological, morphological and biochemical 
dysfunctions in plants such as reduced plant growth, chlorophyll production, seed 
reduction chlorosis and necrosis (Reichman, 2002; Rascio and Navari-Izzo, 2011). 
The effects of Zn speciation on the growth of Brassica juncea was demonstrated in 
Chapter 5 to show that plant growth in Zn contaminated soil was dependent on the 
form in which Zn was exposed to soil (Chapter 5). This effect was linked to Zn 
solubility and mobility in soil.  
 
Hyperaccumulating plants such as Brassica juncea are excellent species in extracting 
Zn in soil (Salt et al., 1998; Adediran et al., 2015). However, the success of this 
environmentally sustainable technology may not only depend on the plant itself but 
most effectively by utilizing plant growth promoting bacteria (PGPBs). These PGPBs 
are free living bacteria and can also form symbiotic relationships with plants 
resulting in promoting plant growth (Glick, 2012), such interaction between these 
PGPB and metals including nanoparticles could affect plant responses. Several 
studies have demonstrated that inoculation of plants with metal-resistant PGPB is 
efficient in ameliorating plant stress in metal contaminated soil (Weyen et al., 2009; 
Ma et al., 2013; Phieler et al., 2015; Adediran et al., 2015; 2016), and it was shown 
in Chapter 4 that the presence of bacteria improved germination and seedling 




solubility and affect plant growth by secretion of phytohormones (Zhuang et al., 
2007), production of chelators and siderophores (Dimkpa et al., 2009), acidification 
and biomineralization (Abou-Shanab et al., 2008).   
 
To date, very little is known about the mechanism of the uptake and accumulation 
of nanoparticles in plants, including their transport to their biological parts (Ju-Nam 
and Lead, 2008). Most studies of nanoparticles uptake have been conducted on 
edible plants (Nair et al., 2010; Rico et al., 2011). Lin and Xing (2008) have reported 
the accumulation and distribution of ZnO nanoparticles in ryegrass roots by 
transmission electron microscopy. On the contrary, Lopez-Moreno et al. (2010) 
reported the absence of ZnO nanoparticles in soybean roots even at high 
concentration (4000 mg L-1) by X-ray absorption spectroscopy. Recently, Hernadez-
Viezcas et al. (2013) reported that Zn accumulated in the form of Zn citrate in 
soybeans (Glycine max) under ZnO nanoparticles treatment using synchrotron-
based XAS and µ-XRF analysis. However, there was no basal comparison between 
soluble Zn and nanomaterial in these studies. Moreover, none of these studies were 
targeted for phytoremediation assisted by PGPBs. However, using synchrotron 
based XAS and µ-XRF on Zn speciation study targeted at Zn phytoextraction, 
Adediran et al. (2015) reported that Zn was in form of sulfate in uninoculated roots 
of Brassica juncea while in roots inoculated with PGPB, Zn was in form of phytate 
and cysteine under treatment with 400-600 mg Zn Kg-1 of ZnSO4. Thus, a key focus 
of this study was to compare Zn responses of inoculated and uninoculated Brassica 
juncea (L.) Czern exposed to soluble zinc (ZnSO4) and Zn nanoparticles (ZnO and ZnS) 
in a natural soil devoid of peat amendment. This is to avoid added sulphate being 
reduced by organic matter acting as an electron donor to sulphate reducing bacteria 
if the soil becomes anoxic. The information on the speciation of Zn following the 
addition of soluble Zn and nanoparticulate Zn to soil and in association with PGPBs 
is of importance for a realistic assessment of the potential effectiveness of 
phytoremediation. The aims of this study were (i) to assess the role of plant growth 
promoting bacteria (PGPB) on growth of Brassica juncea exposed to different forms 
of Zinc species (ii) to compare the uptake, accumulation and translocation between 




and uninoculated roots of Brassica juncea in response to exposure to different Zn 
forms and, (iv) to examine the mechanism of Zn tolerance and hyperaccumulation 

































6.2  Material and methods 
 
6.2.1 Zinc forms 
Zn in the form of ZnSO4, ZnS and ZnO nanoparticles was used in this study. Zinc 
sulphate (ZnSO4.7H2O) and ZnO nanoparticles were purchased from Sigma Aldrich 
UK (35 nm average nanoparticle size) and stored according to the vendor’s 
instructions while ZnS nanoparticles were synthesised in our laboratory using a 
chemical precipitation method (Ganguly et al., 2014) (see Chapter 3 for detailed ZnS 
synthesis). 
6.2.2 Pot experiment  
 The top soil was air dried and finely sieved, soil was mixed with 10% sand by 
volume to aid drainage. Soil was sterilized (134o C for 4 min in a BMM Weston 
autoclave) and amended with 600 mg Zn kg-1 in the form of ZnSO4, ZnS and ZnO 
nanoparticles in powder form. The spiked soil sample was mixed by hand for 1 hr 
for even distribution. Each 2.15 L pot was filled with 1 kg of spiked (ZnSO4, ZnO and 
ZnS) and un-spiked soil (control). The experimental design (Table 6.1) contained 12 
treatments with each treatment replicated in three pots, and were randomly 
distributed in the greenhouse. Deionised water was added to the spiked and control 
pots and pots were placed in individual trays to capture drained leachate 
throughout the experiment and were left to equilibrate for a week in the 
greenhouse. It is worth noting that the soil used in the glasshouse experiment was 
sterilized, however the glasshouse was a non-sterile environment. 
 
Following the dose-response testing of Rhizobium legumniosarum (bv) trifolii and 
Pseudomonas brassicacearum (Chapter 4) to Zn, these PGPB were selected for their 
tolerance to zinc and their demonstrated ability to promote growth of Brassica 
juncea (Adediran et al., 2015). The selected plant growth promoting bacteria strains 
(R. leguminosarum and P. brassicacearum) were grown in a nutrient medium 
(containing 1 g meat extract, 2 g yeast extract, 5 g peptone, 5 g NaCl, pH 7.4)   for 2 
days before harvesting, centrifuged, and washed with sterile deionised water. The 





Table 6.1 Description of experimental treatments  
Codes Treatments 
Control Control without Zn treatment 
ZnSO4 B. juncea  grown on ZnSO4 soil 
ZnS nanoparticles B. juncea  grown on ZnS nanoparticles soil 
ZnO nanoparticles B. juncea  grown on ZnO nanoparticles soil 
  
B1 Control R. leguminosarum control without Zn treatment 
B1 ZnSO4 R. leguminosarum + B. juncea    grown on ZnSO4  
soil 
B1 ZnS nanoparticles R. leguminosarum + B. juncea  grown on ZnS 
nanoparticles  soil 
B1 ZnO nanoparticles R. leguminosarum + B. juncea  grown on ZnO 
nanoparticles  soil 
  
B2 Control P.brassicacearum Control without Zn treatment 
B2 ZnSO4 P.brassicacearum + B. juncea  grown on ZnSO4  
soil 
B2 ZnS nanoparticles P.brassicacearum + B. juncea  grown on ZnS 
nanoparticles  soil 
B2 ZnO nanoparticles P.brassicacearum + B. juncea  grown on ZnO 
nanoparticles  soil 
 
Prior to inoculation, seeds of Brassica juncea (L.) Czern (purchased from sow seeds 
Ltd., UK) were surface sterilized with 5 % NaClO for 15 minutes and washed three 
times with sterile distilled water under a laminar flow hood. Seeds were soaked for 
4 hours in 10 ml bacteria suspension and uninoculated seeds were soaked in 
sterilised deionized water over the same duration before sowing in the pots. 5 
seeds were sown into both spiked and unspiked (inoculated and unioculated) pots. 




pot) at 12 days after planting. Pots were individually irrigated with tap water from 
the tray twice a week throughout the experiment. The pot experiment was 
conducted in a greenhouse set to provide a day/night temperature of 21 °C in a 18 h 
photoperiod at a photosynthetic photon flux density (PPFD) of 150 µmol m–2 s–1 
provided by cool white fluorescent bulbs. Metal-related phytotoxicity in each 
planted pot was evaluated by monitoring growth rate based on (i) plant height, (ii) 
dry biomass (iii) other observations such as leaf chlorosis and necrosis. The planted 
pots were harvested after 6 weeks of growth.  
 
6.2.3 Plant sampling, Zn phytoremediation and bioaccumulation analysis. 
All plants grown in both Zn spiked and unspiked soils were harvested after 6 weeks 
of growth. Shoots were cut 2 cm above the soil surface and washed with running 
tap water. Pots were emptied and roots were separated and washed in water to 
remove soil particles stuck on the root surface. The harvested plant material (roots 
and shoots) were dried in an oven to constant weight at 65 o C for 72 hours. After 
cooling dried samples were weighed to enable biomass calculation. Dried samples 
were finely ground to a homogenous sample and stored in a polyethylene tube 
prior to digestion for analysis. Total Zn concentrations in sub-samples of the ground 
plant materials and soil were determined as described in Chapter 3. Both plant 
extracts and soil digests were analysed for total Zn using ICP-OES (Perkin Elmer 
Optima 5300 DV ICP-OES). Blanks from both digests were deducted from the 
analytical result. Both results were reported as the mean of two sub samples of 
each material.  
 
The resulting Zn concentrations from plant and soil analysis were used to evaluate 
Zn phytoextraction by Brassica juncea (L.) Czern.  The following parameters were 
evaluated bioaccumulation factor, translocation factor and phytoextraction 







6.2.4 Transmission electron microscopy (TEM) observations 
 
TEM was used to ascertain metal accumulation in plants (Chen et al., 2007; Wilson 
and Bacic, 2012; Guzman et al., 2014). TEM was used in this research to map out 
the distribution pattern of Zn in the roots of Brassica juncea plants. Detailed 
description of TEM for inoculated and uninoculted roots of Brassica juncea (L.) 
Czern from different Zn treatments is presented in Chapter 3.   
6.2.5 Synchroton based X-ray spectroscopic analysis  
A separate pot experiment was conducted for X-ray absorption spectroscopy. The 
same method for growth experiment was followed, which also provided growth 
replication data. Live plants were used in order to avoid sample treatments such as 
freezing and, drying that could alter Zn speciation. Live plants were transported for 
mapping on microfocus beamline I18 at the Diamond light source, UK. X-ray 
absorption spectroscopy (XAS), XANES and EXAFS were collected at beamline I18 at 
the Diamond Light Source, UK as described in Chapter 3. The XRF spectra collected 
in Beamline I18 only were analysed (including background subtraction and peak 
fitting) using PyMCA 4.4.1 software (Sole et al., 2007). LCF (linear combination) was 
used to identify the relative proportions of Zn reference spectra within the data of 
samples. Linear Combination Fitting (LCF) was processed in Athena IFFEFIT software 
package (Ravel and Newville 2005). 
 
6.3  Statistical analysis 
All treatments were replicated three times and the means and standard error (SE) 
of plant height, shoot and root biomass and metal content were calculated on 
Microsoft Excel 2013. All treatment means were normally distributed using 
Anderson-Darling’s normality test. The comparison of inoculated and uninoculated 
treatments of plant height, root and shoot biomass were compared between 
treatments using two-way analysis of variance (ANOVA) using Minitab software 
version 17 (Minitab TM Inc, State College, PA, USA). Tukey’s HSD test was used to 






6.4.1 Growth parameters under different Zn and PGPB treatments 
Figure 6.1 shows plant growth data at 6 weeks of Brassica juncea growth for both 
inoculated and uninoculated pots. Measurement of plant height started 1 week 
after sowing of seeds, but the result shown in Figure 6.1a is for the last 
measurement at 6 weeks.  
Plant height was significantly lower in soil amended with ZnO NPs across all 
bacterial treatments, compared to the no added Zn and ZnSO4 and ZnS NPs 
treatments. However, the uninoculated soluble Zn (ZnSO4.7H2O) treatment 
appeared to be the most phytotoxic as the Brassica juncea (L.) Czern. plants showed 
visible symptoms of toxicity (yellowing of leaves). These symptoms became more 
severe with increasing exposure time as the leaves of the plants began to wilt and 
fall off after 6 weeks of growth. There were no symptoms of toxicity in plants grown 
in soil amended with ZnS and ZnO NPs throughout the experiment. Inoculation with 
either Rhizobum or Pseudomonas bacteria resulted in significantly greater plant 
height across all Zn treatments compared to uninoculated controls. There is some 
evidence that bacterial inoculation partially ameliorated the effect of Zn addition on 
plant height, particularly for the ZnSO4 treatment. Mean plant height grown from 
inoculated seeds in ZnSO4-amended soil after 6 weeks (B1 ZnSO4 = 37 cm and B2 
ZnSO4 = 36 cm) was slightly higher, although not significantly different, from the 
mean height of uninoculated control plants (33 cm) grown in the absence of Zn 
contamination. 
 
For shoot dry biomass significant differences were identified between the combined 
effect of Zn and inoculation treatments, indicated by the different letters in Figure 
6.1b. In the absence of bacterial inoculation, shoot dry biomass after 6 weeks was 
significantly higher in the control treatment with no added Zn compared to the 
treatments with added Zn. However, bacterial inoculation resulted in the recovery 
of shoot dry biomass when Zn contamination is present in the form of ZnSO4, so 
that it was not significantly different from that of the uninoculated control 




not observed in the Zn NPs treatments, in which shoot dry biomass in the 
inoculated ZnO and ZnS treatments was significantly lower than the uninoculated 
control with no added Zn. 
 
For root dry biomass significant differences were identified between the combined 
effect of Zn and inoculation treatments, indicated by the different letters in Figure 
6.1c. Root biomass was significantly lower in the ZnSO4 treatments compared to the 
controls in both inoculated and uninoculated treatments. However, inoculation 
with Pseudomonas overcame some of the differences in root biomass between the 
Zn amended treatments and the no added Zn control, with no significant difference 
in root biomass between that of the control and the ZnSO4 and ZnS NPs treatments. 
In contrast, inoculation with Rhizobium appeared to promote root biomass only in 
the ZnS NPs treatment, with significantly lower root biomass occurring in the ZnSO4 
and ZnO NPs treatment compared to the no added Zn control. 
 
Overall, in the absence of inoculation with PGPBs, addition of any of the Zn species 
investigated had a detrimental effect on plant growth, although visual symptoms of 
toxicity suggested that ZnSO4 was the Zn species which had the greatest adverse 
effects on plant growth in the absence of PGPB inoculation. Inoculation with PGPB 
alleviated, to some extent, the effect of Zn exposure on plant growth. In all the 
inoculated Zn treatments, plants appeared healthy and visible signs of Zn toxicity 
were absent. Growth of Brassica juncea following bacteria inoculation was 
enhanced more in ZnSO4 than in the ZnS and ZnO NPs treatments as indicated by no 
significant differences in shoot dry biomass between the inoculated ZnSO4 






Figure 6.1: Effect of PGPBs on plant height and biomass after 6 weeks of growth in 
600 mg Zn kg-1 Zn treatments. (a) Inoculated and uninoculated plant height (b) 
inoculated and uninoculated shoot biomass, (c) inoculated and uninoculated root 
biomass. B1 represent Rhizobium leguminosarum and B2 represent Pseudomonas 
brassicacearum. Bars are means and error bars represent on means of three pots. 
Significant differences are indicated by different letters at p < 0.05 following 







6.4.2  Effect of PGPB on Zn accumulation 
PGPB effect on Zn uptake was evaluated in roots and shoots of Brassica juncea 
(Figure 6.2). Result showed variations in Zn contents in shoot and roots of Brassica 
juncea for different Zn treatments (Figure 6.2 a-b). Zn concentration in shoots was 
considerably higher than in the roots for both inoculated or uninoculated 
treatments as seen in Figure 6.2, consistent with Brassica juncea being a Zn 
phytoextractor.  However, inoculation with Pseudomonas brassicacearum and 
Rhizobium leguminosarum enhanced Zn concentration in roots and shoots of plants 
grown in ZnSO4 than in ZnO and ZnS nanoparticles treatments indicating that both 
PGPBs assisted in enhancing soluble Zn uptake in Brassica juncea. Zn concentration 








Figure 6.2: Zn concentrations in (a) inoculated and uninoculated shoot biomass, (b) 
inoculated and uninoculated root biomass 6 weeks after planting in in 600 mg Zn 
kg-1 treatments. B1 represent Rhizobium leguminosarum and B2 represent 





6.4.3 Evaluation of effects of PGPBs on Zn uptake and phytoextraction  
Bioaccumulation (BCF) and translocation factors (TF) were calculated in inoculated 
and uninoculated plants under different Zn treatments (Table 6.2). BCF values were > 
1, indicating Zn bioaccumulation in plant tissue compared to soil, for all Zn 
treatments except for ZnS NPs treatments with no bacteria and with Pseudomonas 
brassicacearum (B2) inoculation. Overall, however, values of BCF were higher in the 
inoculated than uninoculated treatments for all Zn species. The TF values, the ratio 
of the shoot to root Zn concentrations, were > 1 in the inoculated and uninoculated 
treatments for all Zn species, but the response of TF values when plants were 
inoculated varied between the different Zn species treatments. TF values increased 
slightly in inoculated plants growing in ZnSO4 contaminated soils, compared to 
uninoculated plants. The opposite response occurred in ZnO NPs contaminated soils, 
with lower TF values occurring in the inoculated compared to the uninoculated 
plants. In the ZnS NPs contaminated soils, compared to inoculated plants, the TF 
value also decreased in plants inoculated with Rhizobium leguminosarum (B1) but 
increased in plants inoculated with Pseudomonas brassicacearum (B2). 
 
Zn mass removal by Brassica juncea was estimated to compare the phytoextraction 
efficiency (PE) of Zn by inoculated and uninoculated plants from soil contaminated 
with different Zn species after 6 weeks of plant growth. PE values for Zn removal by 
Brassica juncea were higher in the inoculated plants compared to uninoculated 
plants in all Zn species treatments (Table 6.2). Zn removal efficiency was very low in 
all 600 mg kg-1 Zn treatments (<0.3% of soil Zn concentration), although PE values 
were an order of magnitude higher in inoculated plants in ZnSO4-contaminated soils, 











Table 6.2 Bioaccumulation factors, Translocation factors and phytoextraction 
efficiency in Brasssica juncea after 6 weeks of growth in soil amended with 600 
mg Zn kg-1  of different Zn species and  with and without inoculation with PGPB. 
B1 represents Rhizobium leguminosarum and B2 represents Pseudomonas 
brassicacearum.   








B1 B2 No 
bacteria  
B1 B2 No 
bacteria 
B1 B2 
1.78 1.85 2.0 1.19 1.39 1.45 0.27 1.15 0.46 
Translocation 
factor (TF) 
2.18 2.25 2.38 3.01 1.99 1.77 2.43 1.33 5.54 
Phytoextraction 
efficency (PE, %) 
0.05 0.28 0.26 0.04 0.07 0.06 0.01 0.04 0.03 
 
 
6.4.4 Distribution of Zn in Brassica juncea biomass 
Due to similar growth of plants inoculated with the two different strains of PGPB, 
only plants inoculated with Pseudomonas brassicacearum were selected for 
comparison with uninoculated plants for all Zn species treatments using 
transmission electron microscopy (TEM) (Figure 6.3). Micrographs indicated 
differences in the morphology and location of Zn in roots of Brassica juncea 
following different Zn exposures. Black particles or dense dots could be seen 
deposited in different parts of the root cell. Roughly spherical Zn nanoparticles on 
the epidermis and root surfaces in ZnO nanoparticles treatment (Figure 6.3B) were 
observed. In the roots of inoculated Brassica juncea plants, less bacteria were 
evident in the Zn NPs treatments (Figure 6.3E-F) compared to the ZnSO4 treatment, 








Figure 6.3: TEM micrograph of a cross section (bar 1-5 µm) of (A-C) uninoculated 
ZnSO4, ZnO NPs and ZnS NPs and (D-F) inoculated root cells of Brassica juncea 
exposed to 600 mg kg ZnSO4, ZnO NPs and ZnS NPs, after 6 weeks of growth. 
Arrows in the root cell indicate: NPs- nanoparticles, cw- cell wall, ed-endodermis, 












6.4.5 In situ speciation of Zn in Brassica juncea roots 
 
Zn distributions in roots of Brassica juncea were investigated using µ-XRF maps and 
results are shown in Figure 6.4. The results shown below focus on live roots 
exposed to ZnSO4, ZnO and ZnS nanoparticles for comparison and also as a function 
of bacteria inoculation. Due to limited time on the beamline, only roots inoculated 
with Pseudomonas brassicacerum (B2) were collected, chosen because this 
bacterium is known to be endophytic to Brassica juncea.  The pixel brightness is 
displayed in RGB, and the different colours represent relative concentration of Zn 
from high (red) to low (blue), after normalisation of the fluorescence counts to 
background, allowing relative spatial concentration distributions to be compared.  




Figure 6.4: Synchrotron µ-XRF mapping of the transversal section of live roots 
from (A-C) uninoculated and (D-F) inoculated Brassica juncea plant grown in soil 
treated with 600 mg Zn kg-1 of ZnSO4, ZnO and ZnS nanoparticles. µ-XRF map 
showing Zn distribution with pixel brightness displayed in RGB, red represents 
higher Zn intensity, and the blue represents absence of Zn signal in the 





The intensity of Zn as exhibited by the tricolor maps indicate Zn was differently 
distributed within the roots of Brassica juncea for all Zn treatments. The highest 
relative background concentrations were recorded in the ZnSO4 treatments (Figure 
6.4A, D). In these treatments localised Zn hotspots were evident but the most 
distinctive characteristic was that high Zn concentrations above background 
occurred in the form of stripes. In ZnO treatments (Figure 6.4B, E), background 
concentrations were also high (close to those of ZnSO4) and significantly, the 
endodermis (red colour) exhibited Zn concentrations that were about an order of 
magnitude higher than background. Single hotspots of high Zn concentration were 
also evident. ZnS treatments showed the lowest background concentrations with 
high Zn concentrations only occurring as single hotspots (Figure 6.4C, F). Hotspots 
of Zn in the roots treated with ZnO and ZnS nanoparticles may indicate the presence 
of Zn nanoparticles in the roots of Brassica juncea. Comparison between inoculated 
(Figure 6.4D-F), and uninoculated (Figure 6.4A-C) plants showed no significant 
impact of bacteria inoculation on Zn concentrations in the root in each treatment, 
and thus the differences appear to reflects initial Zn speciation. 
 
6.4.6 Speciation  of Zn in Brassica juncea plants by XANES 
 
Zn µXANES spectra were acquired on a few of the Zn hot spots to provide 
information on the chemical froms in which zinc is present in the roots. To obtain 
quantitative information of Zn speciation, XANES spectra were interpreted using 
linear combination fiting of spectra from selected Zn standards listed in Table 3.6 
(Chapter 3). LCF calculated the contribution of a range of reference (standards) 
compounds run under identical conditions to XAFS signal of the sample. The 
goodness of the fit was estimated by determining the residual R factor between the 
root sample fits and in combination with the Zn standard fits. The best fits based on 
residual R factors are presented in Figure 6.5 a-c. 
 
Fitting the ZnSO4 suggested Zn was in the form of Zn Histidine (52 %), Zn phytate 




brassicacearum, roots treated with ZnSO4 suggested Zn was in the form of Zn 
cysteine (63%), Zn sulfate (25 %), and Zn carbonate (17 %).  
 
Fitting of ZnO nanoparticles data suggested that Zn existed mostly as Zn cysteine 
(55%), Zn histidine (36%) and Zn phytate (8%), while the inoculated roots indicated 
Zn was in the form of Zn cysteine (68%), Zn histidine (16%) and Zn phytate (20%).  
 
ZnS nanoparticles spectra were best fitted with Zn in the form of Zn cysteine (51 %), 
Zn carbonate (30 %) and Zn sulfate (11%). Upon inoculation with Pseudomonas 
brassicacearum, roots treated with ZnS nanoparticles suggested Zn was in the form 
of Zn cysteine (55%), Zn PGA (22 %), and Zn carbonate (17 %). This indicates that 
inoculation with Pseudomonas brassicacearum changed Zn speciation in plant roots 







Figure 6.5: Linear combination fitting of ZnSO4, ZnO and ZnS data from hot spots of 
Zn microXRF mapping. Bar charts represent contribution (%) of the various species 
to the spectra of uninoculated and inouclated roots of (a) ZnSO4, (b) ZnO and (c) 
ZnS nanoparticles treaments. Zn standards are: ZnCarb- Zn carbonate, ZnPhy- Zn 







Inoculation with PGPB was examined in order to assess their phytoremediation 
potential in Zn contaminated soil. A critical understanding of the role of PGPB was 
sought based on comparison between soluble Zn and Zn nanoparticles in plant 
growth, uptake and distribution of Zn in Brassica juncea as discussed below. 
 
6.5.1 Effects of bacteria on Zn toxicity and accumulation from different Zn 
species 
Brassica juncea grew in Zn contaminated soil but with significant differences in 
plant productivity linked to different Zn forms applied in soil. Of all Zn treatments 
used in this study, uninoculated plants exposed to ZnSO4 were more adversely 
affected than the Zn nanoparticles (Figure 6.1). Given that ZnSO4 is the most soluble 
of the forms used and the solubility product constants for ZnO and ZnS 
nanoparticles are about 10-17 (mol/L)3 and 10-23 (mol/L)2 (Mudunkotuwa et al., 2011; 
Rupasinghe, 2011) respectively, observed toxicity trends are entirely consistent with 
solubility being the primary control on toxicity of Zn to Brassica juncea. 
 
On the contrary, our result showed significant increases in plant height, and 
biomass, indicating plants adapted to Zn stress in soils more effectively upon 
inoculation with Rhizobium leguminosarum and Pseudomonas brassicacearum than 
in uninoculated treatments (Figure 6.1). These positive effects on Brassica juncea 
growth in Zn contaminated soil are similar to the findings of Adediran et al. (2015), 
although that study was limited to ZnSO4 treatment and also used a different 
growth medium.   The potential for R. leguminosarum and P. brassicacearum to 
enhance growth parameters in inoculated Brassica juncea plants may be attributed 
to the PGPB traits including the production of indole acetic acid (IAA), ACC 
deaminase, solubilisation of phosphate, production of siderophores (amongst 
others) (Khan et al., 2009; Rajkumar et al., 2010; Ahemed and Kibret, 2014; Ma et 
al., 2015a, b). However, these PGPB properties were not examined in this study so 





Accumulation of high Zn concentration in shoot than in the roots (Figure 6.2) 
regardless of presence of PGPBs indicated an effective translocation of Zn from 
roots to shoots for all Zn treatments. However, the inoculated Zn treatments had 
higher Zn concentration in plant tissue than in uninoculated Zn treatments, with 
ZnSO4 exposed plants accumulating more than the Zn nanoparticles. The higher Zn 
concentration in inoculated plant biomass (Figure 6.2) may be attributed to PGPBs 
role in increasing Zn concentrations in soil by altering the solubility and availability 
of Zn. Sessitsch et al., (2013) reported that PGPB can induce acidification of 
rhizospheric soils of plants by producing organic acids, which enhance metal 
bioavailability around the root zone and hence plant metal uptake. Although pH 
was not measured in this pot experiment, we show later (Chapter 7) that the 
presence of these PGPB did lead to a decrease in pH in the soil, suggesting it may be 
a possible mechanism. In any case, our findings are similar to other studies that 
have reported that inoculation with PGPBs increases plant growth, metal uptake, 
tolerance and phytoremediation process in contaminated soils (Rajkumar et al., 
2008; Zhang et al., 2011a, b). On the contrary, other studies have reported that 
PGPB inoculated plants increase growth and tolerance but reduce metal uptake 
(Rajkumar et al., 2013). This suggest that different PGPBs elicit different responses 
that may also depend on the hyperaccumulator species (Ma et al., 2015a, b). 
 
Brassica juncea ability to uptake metal from soil was evaluated using 
bioaaccumulator factors (BCF) and translocation factors (TF) (Brunetti et al., 2009). 
BCF is the total metal concentration in plant to metal concentration in soil. TF is the 
plant ability to absorb and translocate metal into aboveground plant part (Marchiol 
et al., 2004). Plants are considered as potential species for phytoextraction if both 
BCF and TF are greater than one (Ahmad et al, 2011). In this study, bioaccumulation 
(BCF) and translocation factors (TF) varied with different Zn exposure. BCF was >1 
for inoculated and uninoculated ZnSO4 and ZnO nanoparticles treatments than in 
ZnS nanoparticles treatment except for plants inoculated with Rhizobium 
leguminosarum only (Table 6.2). The TF values were >1 for all inoculated and 




to shoots. Thus Brassica juncea exhibited Zn hyperaccumulative characteristics, with 
bacteria enhancing these characteristics. However, the overall phytoremediation 
potential was extremely low, with a maximum of 0.28% Zn extracted from ZnSO4 
treated in the presence of bacteria (Table 6.2). 
 
6.5.2 Distribution and speciation of Zn in plant roots 
Many hyperaccumulating species exposed to toxic concentration of metal ions 
reduce or prevent metal uptake through metal exclusion or cytosolic chelation and 
vacuolar sequestration (Clemens, 2010; Sun et al., 2011; Manara, 2012). In this 
study, XAS and TEM mapping and analysis was used to investigate mechanisms of 
high Zn tolerance in the presence of bacterial inoculation. The observed spatial 
distribution of Zn in the roots of Brassica juncea examined using synchrotron µ- XRF 
and TEM suggested that hyperaccumulation of Zn in Brassica juncea is dependent 
on the form of Zn spiked in soil. TEM confirmed variation in root Zn accumulation in 
Brassica juncea (Figure 6.3) highlighting differences in Zn distribution of ZnSO4 and 
nanoparticulate Zn. Some studies have reported that cellular penetration by 
nanoparticles is the mode of action by which nanoparticles can interact with plants 
(Lin and Xing, 2008; Lin et al., 2009; Chen et al., 2010). We speculate that the dense 
black dots or clusters observed in the root epidermis and intracellular spaces in Zn 
nanoparticles treated roots are Zn nanoparticles suggesting that Brassica juncea 
absorbed these Zn nanoparticles, but this remains an open question at the moment, 
because we did not have analytical capability on the TEM to check the composition. 
Once inside a plant cell, nanoparticles can be transported apoplastically or 
symplastically through plasmodesmata (Lucas and Lee, 2004; Zhang et al., 2015). 
Substantial proof of the presence of P. brassicacearum was evident in roots 
exposed to Zn treatments (Figure 6.3 D-F) suggesting that P. brassicacearum formed 
a close association with plant roots by colonising the roots thus may be inducing 
plant resistance to toxic Zn and promoting plant growth. P. brassicacearum is 
originally isolated from the rhizoplane of plants belonging to the Brassicaceae 
(Brassica napus and A. thaliana) (Achouak et al., 2000), has known capability of 




properties (Ortet et al., 2011). High spatial resolution, synchrotron based X-ray 
fluorescence mapping provided complementary information to TEM into the 
cellular distribution of Zn in the roots of Brassica juncea (Figure 6.4).  µXRF Zn 
hotspots were less prevalent in roots exposed to ZnS than roots exposed to ZnO 
nanoparticles and ZnSO4 treatments, as also confirmed by the TEM (Figure 6.4). This 
may be attributed to the less Zn concentration in plant tissue treated with ZnS 
nanoparticles (Figure 6.5).  
 
Following the spatial imaging of Zn in roots in different Zn treatments, LCF was 
essential in investigating the speciation of Zn in the root samples. Linear 
combination fitting strongly showed that Zn was predominantly bound to Zn 
Histidine in uninoculated plant roots treated with ZnSO4 treatments with large 
percentage differences between phytate and carbonate in uninoculated ZnSO4 
treatment (Figure 6.5 a), suggesting that excessive Zn in plants treated with ZnSO4 
may have been limited by the presence of Zn histidine in the roots. Such 
complexation with high affinity ligand (Histidine) would likely reduce the toxicity of 
Zn to the plant (Salt et al., 1999; Clemen, 2006), since complexed metals tend to be 
less bioavailable compared to uncomplexed metals (Erten-Unal et al., 1998). 
Histidine as an important amino acid and has been shown to bind metals in 
hyperaccumulator species (Kramer et al., 1996) including Zn (Salt et al., 1995; 
Kupper et al., 2004; Leitenmaier and Kupper, 2013). In addition, the presence of 
phytate in ZnSO4 roots after 6 weeks of plant growth may be regulating the toxicity 
of Zn to plants. Zn phytate (phytate myoinositol hexakisphospahte) is a more 
complex phosphate containing molecule with a negatively charged phosphate group 
that forms stable complexes with ions including Zn2+ (Raboy et al., 2001; Kopittke et 
al., 2011; Lv et al., 2015). The presence of Zn phytate in roots has been suggested as 
a Zn tolerance mechanism in non- hyperaccumulating plants (Sarret et al., 2002, 
Terzano et al., 2008), and recently Zn phytate was indicated in Brassica juncea 
(Adediran et al., 2016), as a possible mechanism for Zn tolerance. 
 
Whilst histidine is important in uninoculated roots treated with ZnSO4, inoculation 




ZnSO4 treatment (Figure 6.5 a).  Zn histidne, and phytate were completely replaced 
with significant high proportion of Zn cysteine with lesser Zn associated with sulfate 
and carbonate (Figure 6.5a). This change following inoculation with Pseudomonas 
brassicacearum may reveal bacterial enhanced cysteine production in the roots of 
Brassica juncea (Adediran et al., 2016). 
 
The speciation of Zn in nanoparticulate treatments differed markedly from ZnSO4 
treatments (Figure 6.5 b-c). The speciation of Zn was the same for uninoculated and 
inoculated roots in ZnO NP treatments. However, the proportion of Zn cysteine was 
higher for the inoculated treatment (Figure 6.5 b). The high proportion of cysteine 
detected in the roots of Brassica juncea exposed to ZnO NPs where no sulphur was 
supplied was unexpected. However, the sulphur content (248.7 mg/kg) in the study 
soil may be conducive to cysteine synthesis even in the presence Pseudomonas 
brassicacearum. Although Zn was primarily associated with cysteine in ZnO 
treatment, lesser Zn was associated with Zn phytate and Histidine. Zn bound to 
phytate in ZnO treatments is likely, since ZnO may undergo biotransformation to 
form Zn phosphate (mainly as Zn phytate) (Terzano et al., 2008; Lv et al., 2015) or 
Zn may have been precipitated in roots as Zn phosphate thus limiting zinc 
bioavailability (Lee et al., 1996).  
 
 In ZnS NP treatments, Zn cysteine was also the predominant form of Zn. Zn cysteine 
accounted for the highest proportion of zinc in roots exposed to ZnS treatment, 
with 55% of cysteine found in inoculated roots attributing to better Zn tolerance in 
roots of Brassica juncea. Besides, Zn cysteine, small proportion of Zn associated 
with the polygalacturonic acid (PGA) in inoculated roots (Figure 6.5 c). The walls of 
root cells are directly exposed to Zn in soil, cell wall associated Zn is bound to PGA 
(Singh, 2005). Complexation of zinc with carboxylic acids such as polygalacturonic 
acids (the main component of pectin in the cell wall) has been reported as a 
response mechnanism to metal toxicity in plants exposed to high concentration of 





The LCF in this study showed a complete absence of ZnO and ZnS nanoparticles in 
plant roots of Brassica juncea. This may suggest that the majority of Zn 
nanoparticles were taken up as NPs (hence as they appeared as spots in Figure 6.4) 
but once inside, NPs are dissolved and converted to other species, or they are 
compartmentalised or limited in transport to diffusion. It is assumed that 
nanoparticulate phases must be dissolved before Zn can be taken up by plants 
(Hernandez-Viezcas et al., 2013). A few recent studies have reported the absence of 
nanoparticulate ZnO in plants challenged with ZnO nanoparticles instead Zn was in 
the form of nitrates, citrate and phosphates (Lopez- Moreno et al., 2010; 
Hernandez-Viezcas et al., 2011; Hernandez-Viezcas et al., 2013). However, other 
studies have reported internalisation of ZnO nanoparticles in different plants 
(Dimkpa et al., 2013). Wang et al. (2013) used synchrotron based techniques to 
compare the transformation of ZnO nanoparticles with soluble ZnCl in plant roots of 
cowpea (Vigna unguiculata). The authors reported that ZnO nanoparticles 
underwent rapid dissolution in soil, with Zn associated with citrate, histidine and 
phytate but in solution culture, Zn was largely associated with ZnO nanoparticles 
(65%) and histidine (38%). The lack of ZnS and ZnO species in Zn nanoparticle 
exposed roots, may suggest that both ZnO and ZnS must be dissolved before 
entering the root as dissolved Zn ions. It also appears that whether nanoparticles 
are taken up by plants depends on the type of nanoparticles, growth medium and 
the plant species involved (Gardea-Toresdey et al., 2014). 
 
Zn cysteine was the most dominant form of Zn associated with all three Zn 
treatments with high proportion observed in the inoculated root samples. Zn is 
mainly associated with the cysteine due to strong binding of Zn to S.  Cysteine-rich 
polypeptides (Metallothiones and phytochelatins) are intracellular ligands capable 
of coordinating Zn ions through the thiol groups of their cys residues (Rauser, 1995; 
Cobbet, 2000; Kinraide, 2009; Zeng et al., 2011; Hossain et al., 2012).  The presence 
of cysteine- bound zinc as identified in the roots of Brassica juncea in the different 
Zn treatments may suggest that the Zn treatments induced cysteine synthesis. 
However, it is recognised that plants assimilate inorganic sulphur as sulfate from 




2014). Cysteine biosynthesis in plant begins with the formation of O-acetylserine 
from acetyl- CoA and serine catalysed by serine acetyltransferase (SAT) (Takahashi 
et al., 2011; Yi et al., 2013). O-acetylserine (thiol) lyase (OASTL) uses pyridoxal-5’-
phosphate as cofactor to generate cysteine from O-acetylserine and sulphide (Jez et 
al., 2016). These two enzymes (SAT and OASTL) are known to catalyse the formation 
of cysteine in both plants and bacteria (Leustek et al., 2000; Bonner et al., 2005; Jez 
and Dey, 2013). Since cysteine is the main sulphur source in plant roots, sulphur 
metabolism in response to Zn stress suggests that cysteine or a downstream 
metabolite, such as glutathione, may play a role in Zn tolerance and detoxification 
(Zeng et al., 2011; Ma et al., 2015). In all Zn treatments, P. brassicacearum 
inoculated plants led to a significant improvement in plant growth due to the 
presence of high proportion of Zn cysteine. Thus, this study suggest an additional 
detoxification mechanism associated to bacteria-enhanced synthesis of cysteine in 
the presence of Pseudomonas brassicacearum as a key role in ameliorating Zn 























Zinc accumulation and distribution in hyperaccumulator species are vital in 
elucidating the role of plant growth promoting bacteria in remediation of Zn 
contaminated soil. The result of the present study revealed that inoculation of Zn 
resistant Rhizobium leguminosarum and Pseudomonas brassicacearum increases 
the phytoremediation efficiency of Zn by enhancing Zn accumulation in plant tissue 
and by promoting plant growth than in control treatments. This work suggested 
different uptake mechanisms for ZnSO4, ZnO and ZnS nanoparticles in Brassica 
juncea. The result herein, highlights inoculation with Pseudomonas brassicacearum 
demonstrated considerable increase in tolerance and detoxification of toxic Zn in 
Brassica juncea and subsequently improved plant growth and development which is 
mediated by presence of cysteine as a possible mechanism to plant response in Zn 
contaminated soil.  It also appears that bacteria do not only induce speciation 
changes in plant tissues but may also act by influencing the amount of bioavailable 
Zn in soil, resulting in efficiently resisting Zn toxicity. Whether or not this 
mechanism on the role of PGPB in plant uptake and in ameliorating Zn toxicity is 
attributed to speciation changes in plant roots or speciation changes in soil- 
rhizospheres- plant interface remains unknown but however, may merit further 























Chapter 7  
7 Role of plant growth promoting bacteria in promoting metal speciation 




Metals and metal nanoparticles are continuously being added to soils resulting in 
negative effects on the entire environment (Khan, 2005; Khan et al., 2008; 
Hernandez-Viezcas et al., 2011).  Plant growth and survival in metal contaminated 
soils is dependent on the ability of plants to adapt to high metal concentrations 
(Chiang et al., 2006). One possible plants adaption strategy is for the roots of plants 
to facilitate chemical and physical changes in the adjacent soil, especially at the 
interface between the soil and roots (rhizosphere) which greatly differs from the 
surrounding bulk soils (Curl and True, 1986; Marschner, 1995; Lynch, 1990; Chiang 
et al., 2006; Hinsinger et al., 2009).  The term “rhizosphere” describes the zone of 
soil around the plant root where root exudates secreted by plant roots can 
stimulate or inhibit soil microbial activities (Dessaux et al., 2016). This soil 
environment can be as thin as a few µm or as thick as a few cm (Alford et al., 2010) 
depending on soil type and properties, and plant species, including root system 
architecture and nature of exudates (Hinsinger and Courchesne, 2008). Root 
exudates are an important characteristic of the rhizosphere, influencing the 
behaviour of metals, either enhancing or reducing their availability, by directly 
affecting acidification, redox reactions, precipitation and chelation, or indirectly 
through their effects on microbial activity and root growth pattern (Tao et al., 2004; 
Kidd et al., 2009). 
 
Hyperaccumulators are known for their ability for metal uptake which is dependent 
on metal availability or on the extent to which the rhizosphere is modified (McGrath 
et al., 1997; Wenzel et al., 2003; Hinsinger and Courchesne, 2008). Plant induced 




in metal concentration, pH, redox potential, pO2, pCO2, microbial biomass and 
organic ligand concentrations (Pushchenreiter et al., 2005; Kidd et al., 2009). Metals 
exist in different forms in soils from vey labile species to non-labile fixed forms 
(Dessreault-Rompre et al., 2006). Excessive metal uptake by plants has been 
associated with   partial reduction of labile, easily bio-accessible metal fractions in 
the rhizosphere (Hammer and Keller, 2002; Puschenreiter et al., 2003) mediated by 
active root proliferation towards areas of high metal concentration (Schwartz et al., 
1999).  
 
Bacteria that are closely associated with roots are termed plant growth promoting 
bacteria (PGPB) (Glick, 1995) or rhizobacteria. However, their role in modifying 
metal speciation at the rhizosphere is not yet fully understood. The research 
literature to date suggests that these heterogeneous groups of free –living bacteria 
can significantly increase metal uptake and accumulation, promote plant growth 
and alleviate metal toxicity in plants (Zhuang et al., 2007; Weyens et al., 2009; Glick, 
2010; Luo et al., 2012; Zheng et al., 2012; Adediran et al., 2016). Therefore, the total 
rhizosphere environment is governed by an interacting trinity of the soil, the plant, 
and the organisms associated with the root (Lynch, 1990; McNear, 2013). 
Understanding the interplay of metal accumulating plants with their rhizosphere 
microbiome is an important step towards the application and optimization of 
phytoremediation (Meharg and Cairney, 2000; Fitz and Wenzel, 2002; Kupper et al., 
2004; Wenzel, 2009). 
 
Studies have investigated the physiology and molecular mechanism of Zn 
hyperaccumulation in Brassica juncea (Adediran, 2015; 2016). Other studies using 
plants suitable for phytoremediation showed a significant reduction in plant 
available metal fractions in the rhizosphere. Kim et al. (2010) investigated the 
influence of Brassica juncea root exudation on soil solution properties in the 
rhizosphere using a rhizobox and reported that changes in pH and DOC derived 
from the rhizosphere are principally responsible for subsequent changes in the 
metal solubility.  Panfilli et al. (2005) showed that grass species Festuca rubra (red 




sediment accelerated the weathering of ZnS, thus increasing Zn bioavailability in the 
rhizosphere. After 2 years of plant growth, µm –sized Mn-Zn black precipitates were 
observed on the surface of Festuca rubra roots which were identified as a Zn-rich 
phyllomanganate. From this it was suggested that Zn biomineralization by plants is 
likely to be a defence mechanism against metal toxicity (Lanson et al., 2008). 
However the mechanism involved in the root-induced speciation changes and the 
modification of these changes by PGPB across the soil-rhizosphere-plant interface 
was ignored in the study. There is a gap in knowledge of the root induced changes 
and the processes controlling metal contaminants in the rhizosphere of Brassica 
juncea (a Zn hyperaccumulator) and there is virtually no information comparing the 
speciation of Zn between soluble Zn (ZnSO4) with Zn nanoparticles (ZnS 
nanoparticles) in rhizospheres of Brassica juncea (L.) Czern. Addressing these 
knowledge gaps may provide a novel insight into mechanisms of Zn 
hyperaccumulation for phytoextraction of Zn contaminated soil.  
 
Thus the aims of this study are to (1) investigate root- induced speciation changes of 
different Zn species in the rhizosphere of Brassica juncea (L.) Czern; (2) determine 
whether such changes affect the uptake, accumulation and distribution of Zn in the 
plant; and (3) investigate the role of the PGPB Rhizobium leguminosarum (bv) trifolii 
in modifying speciation across the soil-rhizosphere-plant interface. It was 
hypothesised that: (1) the speciation changes in plant roots will not be different in 
the soil-rhizosphere, and (2). Rhizobium leguminosarum (bv) trifolii will modify 
















This study focused on contamination by soluble Zn (in the form of ZnSO4. 7H2O) and 
ZnS nanoparticles. ZnS was used as a model nanoparticle relating to pollution from 
mining of sphalerite. In this case, however, ZnS nanoparticles were synthesised in 
the laboratory by using a chemical precipitation method (Ganguly et al., 2014) as 
detailed description in Chapter 3. Zinc sulphate (ZnSO4.7H2O) was purchased from 
Sigma Aldrich, UK.  
 
Westland topsoil was purchased from Dobbies Garden Centre Edinburgh, UK. Soil 
was air-dried, crushed, and passed through a 2 mm stainless steel sieve to 
disaggregate clumps and remove any coarse debris present. The soil was amended 
with 10 % sand to improve drainage. The air dried soil was sterilised by autoclaving 
(BMM Weston autoclave) for 35 min at 134 oC, and amended with 600 mg Zn kg-1 in 
the form of ZnSO4, or ZnS nanoparticles. The Zn concentration chosen was sufficient 
to trigger toxic effects in plants without completely curtailing growth and also to 
ensure detection of the Zn X-ray signal in plant and soil samples during X-ray 
absorption spectroscopy analysis. 
  
Brassica juncea (L.) Czern was chosen for this study. Also known as Indian mustard, 
it is an annual plant with a short growing season and has been identified as a 
hyperaccumulator because of its fast growth rate, high metal accumulation and 
translocation of Zn from root to shoot (Wang et al., 2009; Qu et al., 2012; Adediran 
et al., 2015). Seeds of Brassica juncea were purchased (Sow Seeds Ltd., UK) and 







7.2.2  Experimental design 
The sterilized spiked soil sample was mixed by hand for 1 hr to produce a 
homogenous sample. Each 2.15 L plastic pot for an experimental replicate (Table 7.1) 
was filled with 1 kg of either spiked (Zn, or ZnS nanoparticles) or un-spiked soil 
(control) and were randomly distributed in the greenhouse space. The pots were 
placed in individual trays to capture drained leachate throughout the experiment 
(Kos et al., 2003; Giordani et al., 2005) and were left to equilibrate for a week in the 
greenhouse. 
 
A single colony of Rhizobium leguminosarum bv trifolii strain WSM1325 was grown 
in a sterilised nutrient broth and placed on a shaker at 30oC for 48 hrs. Cells were 
collected by centrifugation at 3000 g for 20 min at 4oC in a Sorvall TM RC 6 Plus 
centrifuge (Thermo Scientific). Cells were washed with sterile deionised water and 
re-suspended in sterile deionised water to a final concentration of 108 CFU ml-1 
measured with a M501 Single Beam Scanning UV/ visible spectrophotometer at 600 
nm. In this study, a seed inoculation method was used to introduce the PGPB. Prior 
to inoculation, seeds of Brassica juncea (L.) Czern were surface sterilized with 5 % 
NaClO for 15 min and washed three times with sterile deionised water. The 
sterilised seeds were soaked for 4 hrs in 10 mL bacteria suspension (inoculated pots) 
and 10 mL of sterilized deionized water (control pots) before sowing 5 seeds into 
each pot containing 600 mg Zn kg-1 (ZnSO4, and ZnS nanoparticles). Pots were 
individually watered (tap water) two times per week to maintain the soil moisture 
during plant growth. Leachates from each pot were collected from the saucers and 
returned to the soil. Emergent seedlings were thinned out to 3 plants per pot at 12 
days after planting. The pot experiment was conducted in a greenhouse set to 
provide a day/night temperature of 21 °C in an 18 h photoperiod at a 
photosynthetic photon flux density (PPFD) of 150 µmol m–2 s–1 provided by cool 
white fluorescent bulbs. Plant growth parameters were measured at different 
growth stages starting from one week after planting. Plant height was measured 
once a week on each replicate and for each treatment. Toxicity was evaluated by 




necrosis, and senescence, during the experiment and determining root length and 
dry biomass at the end of the experiment. 
 
Table 7.1 Description of experimental treatments  
Codes Treatments 
Control Control without Zn treatment 
ZnSO4 B. juncea  grown on ZnSO4 soil 
ZnS nanoparticles B. juncea  grown on ZnS nanoparticles soil 
  
B Control R. leguminosarum control without Zn treatment 
B ZnSO4 R. leguminosarum + B. juncea  grown on ZnSO4  soil 
B ZnS 
nanoparticles 
R. leguminosarum + B. juncea  grown on ZnS nanoparticles  soil 
 
7.2.3  Plant harvest, rhizosphere and bulk soil sampling  
All plants were harvested 6 weeks after planting. Shoots were separated from roots 
using scissors, and placed into labelled paper bags.  Roots were shaken to remove 
loosely adhering soils, which was classified as rhizosphere soils. Bulk soil was 
collected outside the rhizosphere. Each rhizosphere and bulk soil samples 
represented a mixture of the soil from 3 replicate pots for each treatment. Two 
duplicate subsamples of the mixed soil were analysed. Roots were washed gently 
with tap water and root length measured. All samples were transferred to 
polyethylene bags and taken to the laboratory. Dry plant samples were weighed 
and ground (mortar and pestle) and two duplicates subsamples of the mixed plant 
materials were analysed for total metal content using digestion method as 
described in Chapter 3 (Allen et al., 1974).  All plant materials and soil samples were 
analysed for total Zn using inductively coupled plasma – optical emission 
spectroscopy (Perkin Elmer Optima 5300 DV ICP-OES). Blanks from both digests 
were deducted from the analytical result. Both results were reported as the mean 




each pot was also homogenised separately for pH determination as described in 
Chapter 3.  
 
7.2.4 X-ray absorption spectroscopy (XAS) studies on soil and plant roots  
Changes in Zn speciation between bulk soil, rhizosphere soil and plant roots of 
Brassica juncea grown in 600 mg Zn kg-1 (with and without plant growth promoting 
bacteria) were examined on Beamline B18 at the Diamond Light Source, Didcot, UK. 
Duplicate samples from roots, bulk and rhizosphere soil were freeze - dried prior to 
XAS analysis. Bulk and rhizosphere soils were finely ground using a pestle and 
mortar and ~ 40 mg of each soil sample was mixed with 150 mg cellulose and 
pressed into pellets of ~ 1mm thickness under a pressure of 2 tonnes. Freeze- dried 
plant roots were also finely ground. Root samples were placed on a sapphire disc, 
covered with kapton tape and loaded into a Perspex sample holder, inclined at an 
angle of 45o to the incident beam which was cryofixed with liquid nitrogen. 
Beamline B18 was operating in qexafs mode setup with a fast scanning Si (111) 
double crystal monochromator which was calibrated using Zn foil. Data was 
collected in fluorescence mode using a 36 -element Ge solid state detector. On 
average 10 scans (5 mins) were acquired to improve the signal: noise ratio of the 
data. XAS Zn standards were also finely ground and ~ 15 mg mixed with 150 mg 
cellulose into pellets. XAS data for Zn citrate, Zn carbonate, Zn acetate and Zn 
sulfate standards were collected in transmission mode with the ion chamber filled 
with inert gas to optimize sensitivity. XAS data for the remaining Zn model 
compounds were collected in fluorescence mode. Data were also recorded 
simultaneously from a reference Zn foil with a third ion chamber. See Chapter 3 for 
detailed description of the synthesis of zinc reference compounds. 
 
7.2.5 Data processing and linear combination modelling  
An XAS spectrum represents a combination of all Zn species present in the sample 
transected by the beam (Monsant et al., 2011). XANES spectra were energy 
normalised using the reference energy of Zn foil and replicates of each sample 




Combination Fitting (LCF) was carried out in Athena using IFFEFIT software (Ravel 
and Newville, 2005) to identify the relative proportions of reference compounds 
within the data of root, bulk and rhizosphere soil samples. The resulting Zn 
speciation in each sample is dependent on the choice of reference spectra available 
to fit the sample spectra. The residual value (R) was used to evaluate the reliability 
of the fitting for each sample, the combination of standards with the lowest r value 
was chosen as the likely set of components (Gaur et al., 2012). 
 
7.3 Statistical analysis 
All treatments were replicated three times and the means (per pot) and standard 
error (SE) of plant height, and root length were calculated in Microsoft Excel 2013. 
All treatment means were normally distributed (p > 0.05) using Anderson-Darling’s 
normality test. The comparison of treatment means of plant height, root and shoot 
biomass was conducted by one-way analysis of variance (ANOVA) using Minitab 
software version 17 (Minitab TM Inc., USA). If a significant difference is observed 
between treatments, Tukey’s test was used for multiple comparisons with a 
significance level of p < 0.05. A two-way ANOVA was conducted on the overall 
effects of Zn species and inoculation on plant growth parameters using Minitab 

















7.4  Results 
 
7.4.1  Effect of Zn on plant growth 
 
Observations of plant growth and biomass confirmed the results from previous 
chapters (5 and 6) comparing ZnSO4 and ZnS nanoparticles as well as the relative 
effects of Rhizobium leguminosarum. The effect of Zn on plant growth and health 
was monitored from the week of planting for 6 weeks until harvest. All plants 
appeared healthy during growth but, after 4 weeks of exposure to Zn, the un-
inoculated ZnSO4 treated plants appeared paler, had stunted growth and yellowing 
of leaves compared to plants in the control and ZnS nanoparticles treatments.  
 
Plant height was measured from the base of plant to the tip of the three replicates 
seedlings in each pot after 6 weeks. Relative to the uninoculated control, Brassica 
juncea plant height was significantly lower in the ZnSO4 treatments (p < 0.05) 
compared to controls after 6 weeks of growth (Figure 7.1a). In inoculated ZnSO4 and 
ZnS nanoparticles treatments, plant height was significantly higher compared with 
plants grown in uninoculated ZnSO4 and ZnS nanoparticle soil treatments (Figure 
7.1a). Plant roots, which are in direct contact with the Zn in soil, showed a similar 
trend between treatments. The maximum mean root length after 6 weeks growth 
was measured in the inoculated control (22 cm) and was significantly higher 
compared to root length in the uninoculated ZnSO4 and ZnS nanoparticle 
treatments (Figure 7.1b). However, inoculated plants grown in ZnSO4 and ZnS 
nanoparticles soil had longer roots after 6 weeks of growth compared to 
uninoculated plants in the Zn treatments (Figure 7.1b and Figure 7.2).  Overall, 
there are significant effects of Zn treatments and inoculation on plant height and 











Figure 7.1: Effect of Zn treatments (600 mg Zn kg-1) on uninoculated and 
inoculated Brassica juncea after 6 weeks of growth. (a) Plant height, (b) root 
length and (c) shoot biomass (d) root biomass. Bars are means and standard error 
of means of three pots. Significant differences are indicated by different letters at 








Figure 7.2: Photographic illustration of inoculated and uninoculated Brassica 
juncea (L.) Czern plants in control and Zn contaminated soil (600 mg Zn kg-1) 6 
weeks after planting (A) uninoculated treatments and (B) inoculated treatments 
 
 
Mean shoot and root dry biomass was higher in the inoculated Zn treatments 
(ZnSO4 and ZnS nanoparticles) compared to the uninoculated treatments. Thus, 
there is significant effect of Zn treatments and inoculation on shoot and root 
biomass (p<0.05). 
 
The addition of ZnSO4 to soil was shown to affect plant height and shoot biomass 
more than in ZnS nanoparticles treatment. Based on 600 mg Zn kg-1 addition, ZnSO4 
treatment is more toxic to B. juncea than ZnS nanoparticles. However, inoculated 
plants had greater plant height, root length and biomass for both Zn treatments 
indicating that Rhizobium Leguminosarum (bv) trifolii compensated for the negative 





7.4.2 Zn concentration in plant biomass and soil 
The Zn concentration measured in shoots, roots, and soil of Brassica juncea in the 
different experimental treatments are presented in Figure 7.3.  Zn concentrations in 
the shoots were much higher than in the respective plant roots for all Zn treatments 









Figure 7.3: Zn concentrations in (a) inoculated and uninoculated shoot biomass, 
(b), inoculated and uninoculated root biomass (c) inoculated and uninoculated 
bulk and rhizosphere soil at 6 weeks after planting in Zn contaminated soil. Values 




The maximum Zn concentrations in shoots and roots of Brassica juncea was 
observed in the ZnSO4 treatment, indicating more Zn mobilization to plants treated 
with ZnSO4 than in ZnS nanoparticles. Nevertheless, Zn concentrations in shoots and 
roots were more in both Zn treatments compared to the control. Inoculation with 
Rhizobium leguminosarum (bv) trifolii greatly enhanced the quantity of Zn in shoot 
tissues compared with the respective non-inoculated controls. A similar effect was 
observed in root Zn concentration in plants inoculated with Rhizobium 
leguminosarum (bv) trifolii compared to the uninoculated plants for all Zn 
treatments.  
 
The concentration of Zn in inoculated and uninoculated bulk and rhizosphere soils 
was analysed separately following plant harvest (Figure 7.3c). Soils contaminated 
with ZnSO4 and ZnS nanoparticles contained different concentrations of Zn after 6 
weeks of growth.  Zn concentrations in inoculated and uninoculated (ZnSO4 and ZnS) 
bulk and rhizosphere soils were lower than the initial Zn content (600 mg Zn kg-1) 
(Figure 7.3c), a likely consequence of Zn uptake by Brassica juncea. For both Zn 
treatments, the uninoculated rhizosphere soil contained lower Zn contents than in 
the corresponding bulk soil. In the inoculated Zn treatments, Zn concentrations 
increased in the rhizosphere soils and decreased in the bulk soil, compared to the 
uninoculated Zn treatments. 
 
To investigate a possible mechanism by which bacteria mobilise Zn from the bulk 
soil, pH of rhizosphere and bulk soils was measured after plant harvest. The 
rhizosphere soil pH varied between 6.42 and 7.63, and the bulk soil pH varied 
between 6.90 and 7.75 (Table 7.2). The rhizosphere soils are more acidic than the 
bulk soils with differences in the range of 0.1-0.4 pH units. From the initial soil pH of 
6.2 the inoculated and uninoculated ZnSO4 treatments had lower pH compared to 







Table 7.2:  pH of the rhizosphere and bulk soils after growth of Brassica juncea (L.) 




7.4.3  µ-XAS analysis of Zn speciation and distribution in roots, bulk and 
rhizosphere soil 
 
µ-XAS was employed to investigate the speciation of Zn in the bulk soil, the 
rhizosphere soil and in the roots of B. juncea treated with   600 mg kg -1 Zn (ZnSO4 
and ZnS nanoparticles 6 weeks after planting. To obtain quantitative information on 
Zn speciation, XANES spectra were interpreted using linear combination fitting using 
spectra from selected Zn standards listed in 7.2.5. The LCFs with the lowest R factor 
for roots, bulk and rhizosphere soil treated with ZnS nanoparticles and ZnSO4 
including the Zn compound composition (%) are shown in Figures 7.4 for ZnS NPs, 
and Figures 7.5 for ZnSO4 treatments. 
 
The LCF result confirms that Zn in uninoculated plant roots exposed to ZnS NPs was 
predominantly in the form of ZnS (44 %), the rest being in the form of Zn phytate 
(26 %), Zn citrate (25 %) and Zn sulphate (5 %) (Figure 7.4a). Zn forms in the 
inoculated ZnS NPs plant root were slightly different to those of the uninoculated, 
Zn forms was predominantly in the form of Zn phytate (33 %), the rest being in the 
form of Zn cysteine (30 %), Zn citrate (30 %), and Zn formate (7 %) (Figure 7.4b). 
 
Soil initial  pH 6.2 
  Treatment Bulk soil Rhizosphere  soil 
Control 7.75 7.63 
B Control  7.55 7.46 
ZnSO4 6.90 6.71 
BZnSO4 6.81 6.42 
ZnS 7.64 7.52 







Figure 7.4: Zinc compound composition (%) in (a) uninoculated, (b) inoculated bulk, 
rhizosphere soil and roots, of ZnS NPs treatment. ZnS- ZnS NPs, ZnPhy- Zn phytate, 
ZnSO4- Zn sulphate, ZnCys- Zn cysteine, ZnCit- Zn citrate, ZnForm- Zn formate, 
ZnPGA- Zn polygalacturunic acid. 
 
 
The LCF of rhizosphere and bulk soil from the ZnS nanoparticles treatment were 




uninoculated bulk soil, 90 % of the total Zn was in the form of ZnS with the 
remaining Zn identified as phytate (7%) and sulphate (3%) (Figure 7.4a). In the 
inoculated bulk soil, about 80 % of the Zn was present as ZnS with the remaining Zn 
associated with cysteine (10 %), PGA (5 %) and phytate (4%) (Figure 7.4b). 
 
In the uninoculated rhizosphere soil 76 % of Zn was in the form of ZnS, with the rest 
occurring as Zn cysteine (15%), Zn phytate (2%) and Zn sulphate (2%) (Figure 7.4a). 
In the inoculated rhizosphere soil, Zn was mainly in the form of ZnS (82 %), with Zn 
cysteine (15 %) and Zn phytate (4%) (Figure 7.4b). This shows that more Zn occurred 
as ZnS in the soil but less in roots indicating transformation of Zn to other 
compounds in the roots. 
 
Although, the LCF fits for ZnSO4 treatments were not as good as for the ZnS 
nanoparticles treatment (higher R values), they showed similar features for 
rhizosphere, bulk soil samples and the roots. The LCF of inoculated and 
uninoculated roots of Brassica juncea grown in soil treated with ZnSO4 showed 
different speciation of Zn from those grown in the ZnS nanoparticles treatment 
(Figure 7.5).  
 
The best LCF fits for uninoculated roots in the ZnSO4 treatments showed Zn was in 
the form of histidine (38 %) > carbonate (24%), citrate (18 %) > phytate (16%) 
(Figure 7.5a) while for the inoculated roots Zn was in the form of histidine 43%, 
cysteine (31%), formate (16%) and oxalate (7%) (Figure 7.5b).  
 
The LCF for bulk and rhizosphere soil had the same trend of Zn forms in both 
inoculated and uninoculated treatments, with Zn predominantly in the forms; 






Figure 7.5: Zinc compound composition (%) in (a) uninoculated (b) inoculated bulk, 
rhizosphere soil and roots of ZnSO4 treatment. ZnCarb- Zn carbonate, ZnPhy- Zn 
phytate, ZnHis- Zn histidine, ZnSO4- Zn sulphate, ZnCys- Zn cysteine, ZnCit- Zn 
citrate, ZnForm- Zn formate, ZnOxa- Zn oxalate. 
 
Overall, not much changes in speciation between bulk and rhizosphere soil but 
there was a significant change in the proportions of the different species between 
the rhizosphere and roots. Thus, these differences in Zn speciation in roots and 









7.5.1 Zn speciation changes across the soil-rhizosphere-plant interface 
The plant- soil interface has different physical, biological and chemical 
characteristics from the bulk soil due to strong influences of plant roots (Seshadri et 
al., 2015). Identifying Zn speciation changes across the soil-rhizosphere-plant 
interface in Brassica juncea is crucial for elucidating the mechanisms by which plant 
growth promoting bacteria ameliorate toxicity in Zn hyperaccumulator plant species 
growing on Zn contaminated soil. Specifically, to Brassica juncea investigated in this 
study, we confirmed (1) the existence of speciation gradients between the 
rhizosphere and plant roots and (2) that R. leguminosarum modified Zn speciation 
across the rhizosphere and plant root depending on the form in which Zn was 
spiked in soil. 
 
Zinc is acquired from the soil primarily as Zn2+ but also potentially complexed with 
inorganic and organic ligands, and transport to the shoot through the xylem 
(Broadley, et al., 2007; Alloway, 2008). Comparison of the XANES results for bulk 
and rhizosphere soils, showed no differences in the speciation of Zn between 
inoculated and un-inoculated treatments when Zn was supplied in the form of 
ZnSO4 (Figure 7.5). In both treatments for ZnSO4, speciation was dominated by Zn 
carbonate with almost equal proportions of Zn sulfate and Zn histidine, but slightly 
lower Zn phytate. A steep increase in the proportion of Zn histidine between the 
rhizosphere and the root tissue was also observed. Histidine is an essential amino 
acid with a positively charged imidazole functional group (Chikrabarti, 1990, Gluster, 
1991; Gramlich et al., 2013). The occurrence of Zn-His in roots in this present study 
agrees with previous studies of Zn hyperaccumulator species (Lasat et al., 1998; Salt 
et al., 1999). Complexation with a high affinity compound such as Zn-histidine 
would assist non-toxic Zn mobilization thus protecting plants from deleterious 
effects (Yadev, 2010).  A significant effect of bacteria inoculation in the ZnSO4 is the 
appearance of Zn cysteine and small amounts of Zn formate and Zn oxalate in the 
root tissue (Figure 7.5b), accompanied by the disappearance of Zn carbonate and Zn 




was due in part to the presence of Zn citrate, which was not detected in the soil. 
Neither inoculated nor uninoculated ZnSO4 treatment results in the presence of Zn 
sulfate in root tissue. This observation is in contrast to the findings of Adediran et al. 
(2015) in which a significant amount of Zn sulfate was inferred in the absence of 
bacteria, although the author did report a relatively poor linear combination fitting 
of the data, and also used a different soil formulation (soil with higher organic 
content). Significantly, this study confirms the importance of Zn cysteine 
complexation in roots of bacteria inoculated plants as reported previously 
(Adediran et al., 2015; 2016), and further that the transformation occurs within the 
plant (epidermal) tissue (Adediran et al., 2016). The absence of ZnS in the ZnSO4 
system indicates that the soil does not attain sufficiently reducing conditions to 
induce sulfate reduction in the 6 week growth period, although occurrence of 
reducing condition is highly unlikely, given the low organic matter content of the 
soil used, even if sulfate reducing bacteria were present.  Thus, there is a transition 
in speciation between the rhizosphere and plant roots in the form of cysteine when 
bacteria are present. More generally, there is an increase in Zn histidine between 
rhizosphere and roots, whereas sulfate disappears across this interface. 
 
Linear combination fitting of the acquired XANES data confirmed that in the ZnS NPs 
system, Zn speciation is dominated by ZnS in both uninoculated and inoculated 
treatments (except in inoculated roots) (Figure 7.4 a-b). However, there is a 
transition in speciation between the rhizosphere and plant roots when bacteria are 
present (Figure 7.4b). The transition from rhizosphere to plant tissue is 
characterised by a steep drop in the proportion of ZnS and the absence of Zn 
cysteine, accompanied by a steep increase in Zn phytate and Zn citrate in the 
uninoculated ZnS treatment. The only major difference between inoculated and 
uninoculated ZnS treatments is the total absence of ZnS in the inoculated root 
which was replaced by Zn cysteine and Zn formate and also the occurrence of Zn 
cysteine in the bulk soil of the inoculated treatment (Figure 7.4 a-b). Small amounts 
of Zn sulfate were inferred across all three compartments in the uninoculated 
treatment but it was absent in the inoculated treatment. Zn cysteine appears across 




It also appears that R. leguminosarum induced transformation of Zn to formate in 
inoculated roots. 
 
Comparison of ZnSO4 and ZnS treatments shows that overall ZnS treatments led to 
more formation of Zn cysteine in soil and roots compare to ZnSO4 treatments. The 
formation of cysteine in roots of plants is closely linked to sulfate metabolism, in 
which sulfate is first converted to sulphide, which combines with O-acetyl serine to 
form cysteine (Leustek and Saito 1999; Leustek, 2002; Adediran et al., 2015). 
Although cysteine was present in ZnS treated soil, the absence of Zn cysteine 
complexes in uninoculated roots treated with ZnS (Figure 7.4a) may imply 
insufficient sulfate to trigger formation of cysteine in roots. The solubility product 
constant of ZnS is ~10-23 (mol/L)2 (Clever et al., 1992) at the circum-neutral pH 
measured in the bulk and rhizosphere soil. In principle, the production of root 
exudates should acidify the rhizosphere and help to solubilize Zn (Dessureault-
Rompré et al., 2008) but the measured pH changes in our soils were small (~0.3) 
(Table 7.3). These small changes also imply oxidative dissolution (which can 
promote faster acidification) was minimal, although the presence of Zn sulfate 
species in the uninoculated ZnS treatment does testify to its occurrence (Figure 
7.4a).  The possibility of oxidative dissolution of ZnS by plants has been reported, 
but it is time dependent (Panfill et al., 2005; Voegellin et al., 2011) and although 
none of these studies examined speciation changes across soil-rhizosphere-plant 
interfaces. On the contrary, the presence of Zn cysteine in inoculated soils and roots 
exposed to ZnS may suggest a different route to cysteine synthesis in these 
treatments. Rhizobium bacteria are known to supply their own cysteine 
requirements in the absence of supplies from symbiotic plants, through direct 
synthesis from sulphide and serine (Kredich and Tomkins, 1996). Plants contain two 
major types of cysteine: (1) rich low molecular weight metal binding peptides, the 
metallothioneins (MTs) and (2) the phytochelatins (made up of three amino 
residues gly-cys-glu) which are both assumed to be involved in accumulation, 
detoxification and metabolism of metal ions including Zn (Grill et al., 1985). This 
might also account for the presence of cysteine in inoculated roots treated with 





Another difference between ZnSO4 and ZnS nanoparticles is the appearance of Zn 
phytate in the inoculated roots exposed to ZnS nanoparticles. Zn released in ZnS 
NPs plant root must have been immobilized as Zn phytate. Phytate myoinositol 
hexakisphospahte contains a negative charged phosphate group but forms stable 
complexes with ions including Zn (Raboy et al., 2001; Lv et al., 2015). Although, with 
Zn it is precipitated from solution due to its less soluble form (Champagne and 
Fisher, 1990). The formation of Zn phytate are known processes for Zn 
immobilization in roots (Van Steveninck et al., 1994). Moreover, several 
investigations have reported that the accumulation of Zn-phytate would be an 
effective rapid response against the transport of excessive Zn to the shoot in plants 
(Van Steveninck et al., 1994; Terzano et al., 2008; Kopittke et al., 2011). Recently, 
Adediran et al. (2015) reported that R. leguminosarum and P. brassicacerum 
improved plant growth and increased Zn accumulation in roots of Brassica juncea 
due to the presence of Zn phytate.  
 
The most prominent similarity between the ZnSO4 and ZnS NPs treatments is the 
presence of Zn formate in roots of plant grown from seeds inoculated with 
Rhizobium leguminosarum. Inoculation with Rhizobium leguminosarum promoted 
the formation of Zn formate in both ZnS and ZnSO4 treatments which is also a 
potential ligand involved in plants during tolerance and detoxification of toxic 
metals (Rauser, 1995; Kumar et al., 2012). 
 
Lastly, Zn citrate is a prominent species in roots from ZnS-spiked samples and was 
also identified in roots in the uninoculated ZnSO4 treatments. It is not present in any 
of the soils, suggesting that citrate ligands are supplied by the roots in the form of 
exudates, consistent with previous studies (Dessureault-Rompré et al., 2008), 
although other studies rule out organic complexation of Zn in the root tissue 
(Medas et al., 2015).  
 
Zn coordination can occur with both organic and inorganic Zn ligands in the 




with high affinity organic and inorganic ligands in the rhizosphere including its 
interaction with PGPB, may be a mechanism in reducing phytotoxicity caused by 
Zn+2 and promoting plant adaption on Zn contaminated soil. The estimate of Zn 
speciation by XAS across the soil-rhizosphere-plant interface is dependent on the 
best fit of the spectra of the selected Zn standards to the sample spectra of the 
different Zn treatments. Consequently, results from the LCF analysis are indicative 
and not absolute (Lombi and Susini, 2009; Monsant et al., 2011).  
 
7.5.2 Effects of Zn and R. leguminosarum on plant growth and uptake 
The growth of Brassica juncea in this study differed in response to the different Zn 
treatments. Exposure to ZnSO4 inhibited growth of Brassica juncea more than ZnS 
nanoparticles exposure (Figure 7.1). Other observed symptoms of toxicity, such as 
stunted growth and yellowing of leaves, were exhibited in plants grown in soil 
contaminated with ZnSO4 but not with ZnS nanoparticles. The Zn concentration 
used in this study (600 mg Zn kg-1) may account for reduction in plant growth and 
biomass production through impairing plant metabolism and interfering with the 
absorption of essential elements (Duman and Ozturk, 2010). Rhizobium 
leguminosarum is a known rhizosphere bacterium that resides and colonises the soil 
root interface (Glick, 1995; Reeve et al., 2010; Adediran et al., 2015; 2016) eliciting 
growth promotion in plants.  Inoculated plants showed strong differences in all 
plant growth parameters compared to uninoculated plants with inoculation 
improving plant growth in Zn contaminated soil (Figure 7.1). This suggest that 
interactions between bacteria and roots in the rhizosphere are responsible for 
stimulating plant growth. Although, not measured here, other studies suggest that 
the most likely mechanisms are through the synthesis of phytohormones, (Gupta et 
al., 2002), indole acetic acid (IAA) (Glick et al., 1998) and ACC deaminase activity 
which alters plant metabolism resulting in healthier plants (Sheng et al., 2008; Croes 
et al., 2013; Ma et al., 2015; Adediran et al., 2015). This is the most contributed 
factor which may explain these strong differences between the growth of un-
inoculated and inoculated plants, since plants have evolved along with rhizosphere 




2014). Plant growth promoting bacteria alone and in combination with their plant 
host influence metal availability in soil (Verme et al., 2010). 
 
Rhizobium leguminosarum significantly enhanced Zn accumulation in plants grown 
in soil amended with ZnSO4 than with ZnS nanoparticles (Figure 7.3). However, 
there was higher Zn concentration in the shoots of the inoculated ZnS nanoparticles 
treatment compared to the uninoculated treatment. PGPB are able to solubilize 
unavailable forms of metal by producing siderophores and other metal-chelating 
substances (Verme et al., 2010). The solubilisation of ZnS by PGPB is dependent on 
the potential to oxidize sulphide ions (Fowler and Crundwell, 1998). It is likely that 
the Zn concentration in shoot (Figure 7.3) from ZnS nanoparticles treated soil may 
be as a result of slow Zn2+ released from ZnS nanoparticles treatment.  
 
The lower soil Zn content after plant harvest showed inoculated plants were most 
effective at decreasing the total Zn from the bulk soil by migrating more Zn into the 
rhizosphere through the roots for uptake by B. juncea (Figure 7.3c).  This confirms 
previous findings that PGPB can stimulate metal uptake by plants (Chen et al., 2013; 
Adediran et al., 2015). The mobility of Zn in plants is dependent on its availability in 
soil (Broadley et al., 2007; Hafeez et al., 2013). When Zn is bound in reduced S 
complexes it becomes unavailable to plants as it is not mobile, hence in the ZnS 
nanoparticles treatment more ZnS remained in the soil than was taken up by plants. 
Consequently, plants grown in the ZnS nanoparticles treatment soil acquired less Zn 
from the soil, reducing Zn toxicity effects on plants. This result is in agreement with 
the observation of Whiting et al. (2001 a) who reported less Zn accumulation in a Zn 
hyperaccumulating species grown on ZnS amended soil than in soils treated with 
other Zn forms (Zn sulphate, phosphate and Zn oxide).  
 
7.5.3 Root induced changes in pH and effects on Zn mobility and uptake 
 
Soil pH has a dominant effect on solubility, availability and phytotoxicity of ions 




The soil-root interface is characterized by high concentrations of easily degradable 
compounds exuded from the roots (Vranova et al., 2013), especially at the root tip 
(Kaiser at al., 2015). The excretion of protons and exudation of organic compounds 
such as organic acids, released by plant roots or microbes, may play a role in 
increasing the acidity of the rhizosphere environment (Nye, 1981; Strom et al., 2002; 
Hinsinger et al., 2009) compared to bulk soil. An increased acidity (low pH) in the 
rhizosphere will also increase metal solubility and eventually phytoextraction 
potential (Li and Wong, 2010). The optimal soil pH for plant growth has been 
documented to be around 6.4 and for some soils from 6.0-7.2 (Putnams et al., 1990). 
For a typical Brassica species optimal soil pH for growth has been reported to be 6.5 
(Zaurov et al., 1999). The soil used in this study was mildly acidic, but rhizosphere 
pH was lower compared to the bulk soil (Table 7.2) in measurements conducted 
after plant harvest which may have been influenced by the high microbial activity in 
the rhizosphere. The soil in the ZnSO4 treatment had a lower pH than in the ZnS 
nanoparticles treatment probably due to increased mobile Zn2+ ions displacing H+ 
ion bound electrostatically to the negative surfaces of the soil (Alloway, 1995). Since 
ZnS are observed to be insoluble in soil environments (Whiting et al., 2001; Uena et 
al., 2004; Voegelin et al., 2011), increased soil pH, especially above 6.5 as recorded 
in this experiment in both the rhizosphere and bulk soil of the ZnS nanoparticles 
treatment will lead to formation of Zn phosphate (Yang et al., 2011) which is 
potentially less toxic to plants. Differences in the mobility of Zn in the bulk and 
rhizosphere of Brassica juncea may be attributed to changes in pH. However, 
increased Zn concentration in B. juncea associated with Zn supply, indicates that Zn 
uptake by Brassica juncea is less dependent upon Zn solubility caused by soil 
acidification, but rather more dependent on the presence of the PGPB inoculant. 
Whiting et al. (2001b) reported that increases in solubility of Zn in the soil was not 
due to changes in pH, but rather PGPB facilitated increases in the solubility of Zn in 
soil thus enhancing Zn accumulation in Thlaspi caerulescens. Therefore, in this 
present study, root associated microorganisms including Rhizobium leguminosarum 
in the rhizosphere provided a positive link between roots and the soil, thus leading 
to a lower pH in the rhizosphere soils and increasing Zn concentration and 




plant interface system by mobilizing Zn by different mechanisms through chelate 
formation, siderophore production, rhizosphere acidification (Marschner, 1995; 


































7.6  Conclusion 
 
X-ray synchrotron-based techniques and data analysis were suitable for 
investigating and quantifying Zn forms in the plant- root-interphase. The 
rhizosphere of Zn accumulating plants is a complex system that provides a niche for 
adapted Zn resistant Rhizobium leguminosarum bv. trifolii critical for understanding 
phytoremediation. Differences exist in Zn speciation between ZnSO4 and ZnS 
nanoparticles treatments in plant- root-interphase indicating different uptake 
mechanisms of Zn in Brassica juncea (L.) Czern. Our study established the existence 
of a speciation gradient between the plant roots and rhizosphere. However, 
speciation gradients were not only associated with inoculation with PGPB but also 
with the form of Zn in the soil. PGPB modified speciation changes across the 
rhizosphere –root interface based on the form in which Zn was spiked in soils, with 
ZnS favouring the formation of Zn cysteine, and Zn formate while ZnSO4 led to the 
formation of Zn cysteine in plant roots. Thus this study clearly indicates that Zn 
speciation is a strong factor influencing the plant -root interphase, rather than the 











Chapter 8  
8 General discussion 
Metal contamination including metal nanoparticles is ubiquitous in the environment 
and is of increasing environmental concern since metal persistence in the 
environment is indefinite (Ding et al., 2010). Zinc is essential for plants as plants 
absorb Zn as a divalent cation (Zn2+) which acts as a regulatory cofactor of a larger 
number of enzymes (Prassad et al., 2012). The effect of metal contaminants on 
entire ecosystems is a function of their bioavailability, solubility and mobility 
(Scheckel et al., 2009). These effects are often not dependent on the total 
concentration of metals in soil, which is not sufficient for estimating the risk of 
metals in the soil environment but rather the speciation of metals, as speciation or 
chemical form of metal governs its fate, toxicity, mobility and bioavailability in soil 
environment (Adamu et al., 2013). Phytoextraction utilizes hyperacumulating plants 
to extract metals and concentrate them in aboveground biomass (Chaney et al., 
1997; Zhang et al., 2014). Moreover, the addition of plant growth promoting 
bacteria to hyperaccumulator species used in phytoremediation practices makes 
the remediation process more effective (Gamalero and Glick, 2012; Glick, 2010). 
 
This study investigated the effect of metal speciation on Zn plant dynamics in the 
presence of plant growth promoting bacteria. The major findings from this work are: 
1. Zn uptake, growth and toxicity in Brassica juncea was dependent on the 
forms in which Zn was exposed in soil. 
  
2. Pseudomonas brassicacearum and Rhizobium leguminosarum had a growth 
promoting effect on plant biomass production in Zn contaminated soil and 
the use of these PGPB was more effective in alleviating Zn toxicity in ZnSO4 
treatments than in Zn nanoparticles treatments. 
 






In the following sections, I expand on these findings and use them to construct a 
conceptual model linking Zn speciation and PGPB on Zn uptake and toxicity by 
Brassica juncea. 
 
8.1 Summary of findings 
8.1.1  Zn resistant PGPB and seed germination 
 
A preliminary study on the toxicity of Zn to PGPB was initially conducted to examine 
the effects of Zn on the growth of Rhizobium leguminosarum and pseudomonas 
brassicacaerum using nutrient broth and Hoagland solution with different 
concentrations of Zn (100, 200, 400, 600 and 800 mg L-1) using ZnSO4, as well as ZnO 
and ZnS nanoparticles (Chapter 4). The dose response experiment revealed a 
marked difference in bacteria growth between ZnSO4 and nanoparticulate ZnO and 
ZnS. Rhizobium leguminosarum and pseudomonas brassicacearum decreased in 
growth upon increasing concentration of Zn treatments from 0 to 54 h as compared 
with the control. The dose response results of these three Zn contaminants as 
reflected by the optical density and colony forming units revealed that ZnSO4 was 
the most toxic since it impaired bacterial growth from the lowest concentrations 
after 54 hours of bacteria growth. Both PGPB exhibited remarkable resistance to 
the Zn nanoparticles treatments compared to ZnSO4. My investigation revealed the 
practical bioremediation potential of both study PGPB since they exhibited excellent 
adaptation or resistance to Zn. However, the use of Hoagland solution was aborted 
in this study as the solution never supported bacterial growth and as such, the use 
of hydroponics for studying Zn phytoextraction was discontinued. 
 
Seed germination is regarded as the most critical stage in the life cycle of plants and 
serves as the immediate exchange interface with the surrounding medium (Solanki 
and Dhankhar, 2011). Seeds of Brassica juncea were additionally tested to examine 
the effect of Zn speciation on seedling germination and seedling growth and to 
investigate the role of Rhizobium trifolii and Pseudomonas brassicacearum in 




this study, ZnSO4 significantly inhibited seeds (uninoculated) germination rate 
compared with the control and Zn nanoparticles treatments. As observed, 
germination percentage was unaffected for both ZnO and ZnS nanoparticles as 
there were no significant differences. Thus the ability to germinate depends on the 
plant sensitivity to the different Zn contaminants (Chapter 4). Root and shoot length 
was also observed to be different for different Zn species, with root length being 
the most sensitive to Zn toxicity.  As such, the order of toxicity of the study 
contaminants to growth response of plants is ZnSO4 > ZnO > ZnS. Upon inoculation 
with PGPB, germination percentages and seedling growth was enhanced for all Zn 
treatments.  
 
Taking into account the Zn concentrations, we confirmed that seed germination and 
early seedling growth of Brassica juncea was affected differently upon exposure to 
different Zn treatments. Thus this preliminary test, although considered short- term, 
was a guide highlighting the importance of Zn speciation on plant toxicity and a 
need to determine whether the applied Zn concentrations would respond 
differently in a natural soil. 
8.1.2  Effect of Zn speciation on plant growth and phytoextraction 
A pot experiment was conducted to assess the effect of Zn on plant growth when 
elevated Zn concentrations are added to soil in the form of soluble Zn or as 
nanoparticulate ZnS and ZnO nanoparticles by comparing growth, Zn accumulation 
and toxicity of a hyperaccumulator species (Brassica juncea (L.) Czern). Pot 
experiments (Chapters 5, 6 and 7) conducted during this study showed a systematic 
trend on the effects of Zn (600 mg Zn kg-1) on Brassica juncea. Results on plant 
height, number of leaves, root length, plant biomass and chlorophyll content on 
Brassica juncea showed that soluble Zn (ZnSO4) was the most toxic form of Zn 
compared to nanoparticulate forms. Plants remained healthy and grew better in Zn 
nanoparticles treatments compared to ZnSO4 treatments (Chapter 5, 6 and 7).  It is 
well known that Zn stimulates Brassica juncea growth at low concentration (Singh 
and Sinha 2004; Alia et al., 1995; Prassad et al., 1999) but at high Zn concentration, 




dependent on bioassessibility and since soluble zinc is more bioaccessible (Arnold et 
al., 2007), the observed toxicity trends are entirely consistent with respect to ZnSO4 
and the nanoparticulate forms.  Zn content in plant biomass was higher in plants 
grown on ZnSO4 (Chapter 5-7) than in the Zn nanoparticles. The uptake of Zn in 
plants part from Zn nanoparticle treatments are not only related to surface 
properties, size, shape particle composition, growth matrix, but also dependent on 
the plant species (Siddiqui et al., 2015). Bioaccumulation factor (BCF) was a useful 
parameter to evaluate the potential of the plants to remove metals from soil (Ma et 
al., 2015). My study showed that the bioaccumulation factor (BCF) for all Zn 
treatments varied and were greater than 1 for ZnSO4 and ZnO nanoparticles 
treatments suggesting that Brassica juncea is a hyperaccumulator of Zn from Zn 
contaminated soil. Moreover, phytoextraction efficiency which evaluates Zn 
removal percentage after 6 weeks of plant growth suggests that Brassica juncea 
were most effective in removing zinc from soil treated with ZnSO4 than in Zn 
nanoparticles. 
8.1.3  Environmental implications of addition of different Zn forms to soil 
Zinc (Zn) are naturally present and ubiquitous in soil and are important 
micronutrient (Fekiacova et al., 2015). Human activities contribute to the input of 
zinc to soil in different chemical forms and has become a focus of environmental 
risk assessment studies (Peralta-Videa et al., 2011). Soils are the major sinks for 
metal and metal nanoparticles released into the environment (Pachapur et al., 2016; 
Gu et al., 2016) which may show potential adverse effects in the environment, 
making them target compounds for phytoremediation (Gomes et al., 2016). This 
would emphasise the importance of risk assessment for Zn and Zn NPs in soils. The 
high Zn concentration in soil pore water exposed to ZnO NPs soil suggest that they 
would likely be mobile unless their mobility is reduced by aggregation and 
adsorption mechanism (Chapter 5). This finding indicate ZnO NPs are unlikely to be 
persistent in soil and risk assessment in the soil environment would be similar to 
soluble source of Zn. However, the Zn soil pore water (Chapter 5) do not correlate 
well with Zn concentrations in plant tissues which showed higher Zn concentrations 




Thus our findings demonstrate that the behaviour and bioavailability of Zn NPs, 
when introduced at 600 mg Zn kg-1 concentration, are distinguishable from 
dissolved Zn, indicating that concentration dependent effects must be taken into 
consideration in risk assessment.  
These finding also indicate that phytotoxicity effects on Brassica juncea is related to 
dissolved Zn released. The difference in uptake of Zn in Brassica juncea from soil 
exposed to different Zn treatments indicates that plants responses in Zn 
contaminated soil were predominantly dependent on Zn speciation. The available 
data on Zn availability and phytotoxicity of the different Zn forms is contributory to 
risk assessment. While the overall risk is low for Brassica juncea exposed to Zn NPs 
soil, however, the risk of uptake from Zn NPs treatments is not worse than the 
soluble Zn treated soil. Therefore, to evaluate risk, our findings indicates that the 
risk associated with the presences of ZnS NPs in soil would be less than ZnO NPs and 
more in soluble Zn treated soil. 
 
8.1.4 Role of plant growth promoting bacteria on plant growth 
Metal toxicities lead to total decrease in plant growth (Reichman, 2002; Rascio and 
Navar-Izzo, 2011), but some bacteria known as plant growth promoting bacteria 
(PGPBs), have been known to counteract Zn toxicity effects and to improve plant 
growth (Wani et al., 2008; Adediran 2015; 2016). As a result of the poor growth 
yield in plants exposed to Zn (Chapter 5-7), biologically assisted phytoremediation 
was considered to salvage plants from Zn toxicity. A pot experiment investigated 
the role of Rhizobium leguminosarum and Pseudomonas brassicacearum in 
ameliorating Zn toxicity in plants grown in ZnSO4, ZnS and ZnO nanoparticles 
treated soil. Seed inoculation with these strains demonstrated them to have growth 
promoting effects on Brassica juncea thus increasing phytoextraction efficiency 
(Chapter 6). Pot experiment demonstrated that the application of Rhizobiium 
leguminosarum (bv) trifolii and Pseudomonas brassicacearum (Chapter 6) could 
enhance plant biomass, and Zn uptake with many of these PGPB effects observed 
on ZnSO4 than in Zn nanoparticles treatments. Both inoculants ameliorated Zn 




as IAA, siderophores, ACC deaminase, phosphate solubilisation (Noel et al., 1996; 
Rajkumar et al., 2008; Ma et al., 2011; Santoyo et al., 2016). Rhizobium 
leguminosarum promoted plant root development (Chapter 7) resulting in very 
vigorous and extensive root system thus creating an active rhizosphere for Zn 
uptake. However, PGPB generally elicited non-toxic forms in plants by promoting 
the formation of Zn cysteine in all Zn treatments which is a potential Zn complex 
involved in tolerance and detoxification of Zn in all plants. Thus, in the light of the 
results obtained in this study, the potential use of Rhizobium leguminosarum and 
Pseudomonas brassicacearum can be considered as a viable tool to enhance plant 
growth and reduce negative effects of Zn toxicity in Brassica juncea. These strains 
were individually applied to pots in this study, a combination action of both study 
strains has been shown to be even more effective in remediating Zn contaminated 
soil (Adediran et al., 2015). 
 
8.1.5  Localization and Zn speciation in Brassica juncea 
Plants have developed several mechanisms to resist toxic metals. One of these 
mechanisms is compartmentalization of metal in specific cellular organelles or 
tissues (Kupper et al., 1999; Kramer et al., 2000; Isaure et al., 2006; Wojcik et al., 
2005). Plant roots are very important as they are main contact through which Zn 
gains access into the plant. Using TEM the spatial distribution of Zn in roots of 
Brassica juncea treated with 600 mg Zn kg-1 showed that Zn was preferentially 
distributed in the form the plant was exposed to in Zn contaminated soil. Zn was 
localized in the epidermal cells, cell wall and the endodermis in agreement with 
µXRF, which may be important for plant defence against Zn toxicity (Chapter 6). 
Although sensitivity of TEM is relatively low as compared with the µXRF, the study 
identified less Zn signal for roots exposed to ZnS nanoparticles which were localised 
more at the cell wall (Chapter 6), these cell walls are considered an important sink 
for metal and a defence mechanism (Ringli, 2005). Storage mechanism in the cell 
wall involves precipitation in the cell wall or binding to cell wall components in the 
form of polygalacturonate, cellulose etc (Carrasco-Gil et al., 2013). Zn was present 




suggesting that Brassica juncea absorbed these Zn nanoparticles. Bacteria were 
observed in the roots inoculated with ZnSO4 than in Zn nanoparticles treatments 
(Chapter 6) suggesting that P. brassicacearum formed a close association with plant 
roots (Sessitsch et al., 2013; Prapagdee et al., 2013). XANES analysis on the Zn 
hotspot as identified by µXRF indicates Zn was strongly complexed by ligands 
indicating that changes in speciation were paramount in abating toxic Zn and P. 
brassicacearum induced speciation changes in the roots of Brassica juncea (Chapter 
6). An important aspect of this study was to identify whether the reduction in Zn 
toxicity achieved through bacterial inoculation is associated with changes in Zn 
speciation in the plant root or whether speciation changes occured in the 
rhizosphere before plant uptake, explaining in part their toxicity ameliorating 
properties (Chapter 7). Results confirmed not much changes in speciation between 
bulk soil and rhizosphere but there was a significant change in the proportions of 
the different species between the rhizosphere and roots. Thus, these differences in 
Zn speciation in roots and rhizosphere soil are dependent on the form of Zn 
contamination. Moreover, R. leguminosarum modified Zn speciation across the 
rhizosphere and plant root depending on the form in which Zn was spiked in soil. In 
most cases, this study showed that in all Zn treatments, inoculation with P. 
brassicacearum and R. leguminosarum led to a significant improvement in plant 
growth due to the presence of cysteine, which ameliorated Zn toxicity.  
 
8.2 Conceptual model for the combined role of Zn speciation and PGPB 
A conceptual model of the role of Zn speciation in Brassica juncea exposed to 
different Zn species and in combination with plant growth promoting bacteria 







Figure 8.1: Conceptual model for zinc dynamics as revealed from pot experiments 
in which the form of Zn applied to soil where Brassica juncea was grown for 6 
weeks was varied.  
Seeds were planted either uninoculated or inoculated with plant growth promoting 
bacteria (PGPB) and speciation of Zn in the plant roots was carried out by XAS 
analysis. The model shows that Zn is mostly taken up as Zn2+, in part facilitated by 
production of plant root exudates (large green dashed arrows), with cysteine 
synthesis (yellow bars) as the main mechanism of Zn detoxification but this is 
disabled (shown by blue cross under the enzyme “Cysteine synthase”) at high Zn2+ 
concentrations (i.e. under soluble ZnSO4). Inoculation with PGPB appears to restore 
or supplement cysteine production under all Zn treatments, possibly explaining the 
mechanism of Zn toxicity reduction by PGPB. Large circles represent roots within 
which are bar charts showing percent Zn speciation, black dots are nanoparticles.  
The model shares some attributes with that published by Adediran et al. (2016), 
which was based purely on ZnSO4 contamination, but there are important 




important aspect of the new model is the importance of solubility in controlling Zn 
bioavailability to plant roots, with higher dissolved Zn2+ from ZnSO4, denoted by 
larger arrows, being the main determinant of toxicity, particularly when plants were 
not inoculated with bacteria. This is entirely consistent with existing models of 
metal bioavailability and phytotoxicity (Marschner, 1995; Alloway, 2008; Zhao et al., 
2012; Mitra, 2015). Significantly, XANES analysis revealed major differences in the 
speciation of root Zn, with plants exposed to ZnSO4 containing Zn in the form of Zn 
histidine and Zn pytate, whereas as those exposed to nanoparticlulate forms of Zn 
were dominated by Zn cysteine. Histidine has been shown to be produced as a 
defensive exudate upon exposure of plants to metals (e.g. Salt et al. 1999). Notably, 
it is also present in roots exposed to ZnO nanoparticles, where dissolved Zn 
concentrations are likely higher than in ZnS treatments (based on solubility data), 
further suggesting that its production is a defensive response to Zn2+ challenge.  
Meanwhile, cysteine and its polymers (e.g glutathione) have been shown to be 
produced as a defence mechanism in response to heavy metal exposure (Zeng et al., 
2011; Ma et al., 2015). Plants synthesise cysteine as part of their sulfur metabolism 
through a multiple enzymatic process that converts sulfate to sulfide which is then 
combined with O-acetylserine to form cysteine (Saito et al., 2000, Tavares et al., 
2015). While Zn cysteine was detected in roots exposed to nanoparticulate forms of 
Zn when plants were not inoculated with bacteria, there was none in the ZnSO4 
treatments despite this treatment supplying the most sulfate. It is possible that the 
lack of cysteine in treatments is a direct result of the higher Zn2+ concentrations 
impairing the cysteine synthetic pathway but this hypothesis remains to be tested 
by detailed molecular level studies of the biochemistry of the reponse of Brassica 
juncea upon exposure to varying Zn2+ concentrations. Nevertheless, circumstantial 
evidence for this inference is that when inoculated with bacteria, roots exposed to 
ZnSO4 appear to recover cysteine synthesis, and grow as well as those exposed to 
nanoparticulate Zn and/or controls without Zn addition, although the recovery may 
be due to additional cysteine synthesis by the plant growth promoting bacteria 




Paradoxically, Zn cysteine was detected in roots exposed to ZnO where no sulfur is 
supplied to the soil. However, analysis of the soil showed that it contained a 
significant amount of sulfur (248.7 mg/kg), so this result is entirely consistent with 
the model of cysteine synthesis through sulfur metabolism. Lastly, the model 
captures the observation that in addition to soluble Zn2+, TEM revealed that Zn was 
also taken up in nanoparticulate form, albeit at much lower quantities. In addition 
to the model, the inoculation with PGPB potentially influenced Zn speciation 
through complexation which facilitated zinc tolerance and detoxification in Brassica 
juncea exposed to zinc contaminated soil.  
8.3 Limitations and Recommendation  
The limitations and recommendation for future works are summarised below. 
In this study, the added Zn was homogenously mixed in soil after artificially spiking 
with different Zn species, which was used to influence plant available Zn in the pot 
experiment (Chapter 5-7). Several limitations may arise from the expected length of 
time at which different Zn species were added and equilibrated before planting. The 
time period (1 week) used for the incubation was 1 week, although similar time 
period used in this study was used in studying Zn responses of Brassica juncea 
grown in ZnSO4 soils (Adediran et al., 2015). However, the equilibration time of 
applied ZnS and ZnO nanoparticles in soil is unknown. Therefore, a proposed study 
on how much time is needed for soil to equilibrate upon exposure to metal 
nanoparticles is required.  
 
This study examined Zn bioavailability in soil pore water in all Zn treatments. 0.45 
µm membrane filter was used as the suitable method for determining dissolved 
metal fraction (Harmsen, 2007) in pore water and was also used for Zn 
nanoparticles treated soil. Additionally, centrifugal ultrafiltration was also 
separately used in order to separate nanoparticulate Zn from the dissolved fraction. 
Dissolved Zn concentration in the pore water samples were measured using ICP-OES. 
However, there were no differences in Zn concentrations results measured with 
both filters. Owing to their unique properties, future studies should focus on 




which will be vital in interpreting phytotoxicity results, understanding any 
comparisons made between studies as well as provide more environmentally 
relevant risk information.  Development of new test guidelines and tools to 
differentiate between nano - specific toxicity and metal ion (Zn2+) should also be a 
major focus in research as production of metal nanoparticles is expected to grow 
rapidly.  
 
This research work was limited to a single hyperaccumulator species (Brassica 
juncea) carried out in the glasshouse under controlled conditions (light, 
temperature amongst others). A further extension of this research should be 
studying the effect of metal speciation in comparison with metal nanoparticles in a 
range of hyperaccumulating plant species under various soil conditions. These 
results should not be validated in greenhouse studies but rather in field site 
because results of controlled experimental studies may differ from those in the 
natural environment. For instance, root proliferation may be confined in pots under 
glasshouse conditions. However, roots may extend to deeper depth and to 
potentially less contaminated soil profile area in the field (Delorme et al., 2001).  
 
This study showed that plant growth promoting bacteria were found effective in 
promoting plant growth and mitigating toxicity in the glasshouse soil based pot 
experiment.  Inoculation of seeds with selected PGPB has the potential of improving 
phytoremediation by increasing metal uptake in plant and improving plant health in 
metal contaminated soil. Further research questions the successful use of such 
inoculum in the field with natural environmental conditions, bearing in mind the 
competitions of other present indigenous microorganisms. 
 
The region around root and soil is a dynamic interface of several biogeochemical 
processes. An increased understanding is needed on the biological (microbial 
activity) and chemical (exudates) changes in the rhizosphere to identify key 
processes in mobilization of metal accumulation in plants. Also further study should 
focus on the role of organic ligands on metal toxicity and detoxification mechanisms 




8.3   Conclusion 
This study provides new insights into the opportunities afforded by the interaction 
between hyperaccumulating plants and plant growth promoting bacteria when 
grown on Zn contaminated soil in gaining understanding on the role of Zn speciation. 
Zn behaviour in the soil- plant system and its phytoxicity is greatly influenced by Zn 
speciation. This study confirmed the main hypothesis that plant growth, toxicity, 
uptake by plants depended critically on form of Zn that Brassica juncea was exposed 
to, with soluble Zn salt (ZnSO4) being more toxic than ZnS, ZnO nanoparticles.  
Addition of plant growth promoting bacteria alone and in combination with their 
plant host, can influence Zn solubility, availability to plants and ameliorate toxicity 
through complexation of Zn. 
 
Phytoextraction - an environmentally sustainable technology that offers a less 
expensive method is promising because hyperaccumulator species have adaptive 
mechanisms for accumulating and tolerating high contaminant concentrations in 
their rhizosphere (Raskin et al., 1997). An understanding of the complex 
interactions including contaminated soil variables, plant –microbe interaction, and 
rhizosphere activities would allow the use of phytoextraction as friendly technology. 
However, phytoextraction must be approached as a multi-disciplinary research 
effort incorporating expertise from environmental engineers, soil microbiologist, 
plant biologist, agronomist, and biogeochemist to identify and solve metal 











Appendix A- XANES spectra for plant roots, rhizosphere and bulk soil 
The following graphs are XANES spectra of inoculated and uninoculated plant roots, 
rhizosphere and bulk soil treated with 600 mg Zn kg-1 of ZnSO4 and ZnS 





Figure A1.1: Result of Zinc K-edge XANES fitting of uninoculated Brassica juncea 
exposed to 600 mg/kg ZnS nanoparticles (1) roots, (2) bulk, (3) rhizosphere soil, 
Brassica juncea inoculated with Rhizobium leguminosarum (BZnS) in (4) roots (6) 
bulk soil (7) and rhizospheric soil. XANES spectra for each sample are the blue 
lines and LCF with zinc reference compounds spectra are donoted in red (lines). 









Figure A1.2: Result of Zinc K-edge XANES fitting of uninoculated Brassica juncea 
exposed to 600 mg / kg ZnSO4 (1) roots, (2) bulk, (3) rhizosphere soil, Brassica 
juncea inoculated with Rhizobium leguminosarum (B ZnSO4) in (4) roots (6) bulk 
soil (7) and rhizospheric soil. XANES spectra for each sample are the blue lines and 
LCF with zinc reference compounds spectra are donoted in red (lines). The 












B1.1: Anderson Darling’s (AD) normality test for plant growth parameter Chapter 
5. All treatment means are normally distributed (P > 0.05) 
Parameters Treatment AD value P value 
Plant height    
 Control 0.135 0.948 
 ZnSO4 0.558 0.084 
 ZnO 0.263 0.55 
 ZnS  0.156 0.907 
Number of leaves    
 Control 0.29 0.486 
 ZnSO4 0.243 0.619 
 ZnO 0.381 0.272 
 ZnS  0.341 0.354 
    
Root biomass    
 Control 0.267 0.361 
 ZnSO4 0.189 0.631 
 ZnO 0.19 0.629 
 ZnS  0.398 0.119 
    
Shoot biomass    
 Control 0.235 0.466 
 ZnSO4 0.39 0.128 
 ZnO 0.228 0.493 
 ZnS  0.19 0.629 
    
    
Total chlorophyll content    
 Control 0.299 0.277 
 ZnSO4 0.488 0.061 
 ZnO 0.487 0.062 









B1.2: Anderson Darling’s (AD) normality test for plant growth parameter in 
Chapter 6. All treatment means are normally distributed (P > 0.05) 
Parameters Treatments AD value P value 
Plant height   
 Control 0.215 0.726 
 ZnSO4 0.352 0.328 
 ZnO 0.14 0.94 
 ZnS 0.264 0.548 
    
 B1 control 0.193 0.809 
 B1 ZnSO4 0.182 0.846 
 B1 ZnO 0.136 0.946 
 B1 ZnS 0.182 0.845 
    
 B2 control 0.182 0.845 
 B2 ZnSO4 0.208 0.754 
 B2 ZnO 0.201 0.781 
 B2 ZnS 0.169 0.883 
    
Shoot biomass 
 Control 0.369 0.153 
 ZnSO4 0.334 0.208 
 ZnO 0.19 0.628 
 ZnS 0.449 0.079 
    
 B1 Control 0.227 0.496 
 B1 ZnSO4 0.484 0.559 
 B1 ZnO 0.293 0.294 
 B1 ZnS 0.485 0.158 
    
 B2 control 0.46 0.071 
 B2 ZnSO4 0.38 0.14 
 B2 ZnO 0.293 0.294 
 B2 ZnS 0.275 0.338 
    
Root biomass    
 Control 0.266 0.364 
 ZnSO4 0.195 0.606 
 ZnO 0.371 0.151 
 ZnS 0.258 0.389 
    
 B1 Control 0.249 0.418 




 B1 ZnO 0.406 0.114 
 B1 ZnS 0.199 0.588 
    
 B2 Control 0.189 0.631 
 B2 ZnSO4 0.194 0.607 
 B2 ZnO 0.233 0.475 
 B2 ZnS 0.296 0.285 
 
























B1.3: Anderson Darling’s (AD) normality test for plant growth parameter in 
Chapter 7. All treatment means are normally distributed (P > 0.05) 
Parameters Treatment AD value P value 
Plant height    
 Control 0.122 0.97 
 ZnSO4 0.588 0.068 
 ZnS 0.141 0.937 
    
 B1 Control 0.176 0.864 
 B1 ZnSO4 0.151 0.917 
 B1 ZnS 0.134 0.95 
Root length    
 Control 0.32 0.233 
 ZnSO4 0.259 0.384 
 ZNS 0.259 0.384 
    
 B1 Control 0.189 0.631 
 B1 ZnSO4 0.395 0.122 
 B1 ZnS 0.27 0.352 
    
Root biomass    
 Control 0.191 0.621 
 ZnSO4 0.23 0.487 
 ZnS 0.212 0.536 
    
 B1 Control 0.288 0.304 
 B1 ZnSO4 0.354 0.175 
 B1 ZnS 0.23 0.487 
    
Shoot biomass   
 Control 0.339 0.198 
 ZnSO4 0.446 0.081 
 ZnS 0.47 0.066 
    
 B1 Control 0.203 0.569 
 B1 ZnSO4 0.452 0.076 
 B1 ZnS 0.278 0.329 
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